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Preface   
In recent years, due to an increasing concern in the issues related to the long-term adequacy and 
the environmental problem caused by the utilization of non-renewable energy sources such as 
petroleum, coal, and natural gas, the penetration of renewable energy sources (RESs) in the power 
system rapidly increases. However, due to the inertia-less nature of the inverter utilized in RESs-
based generation, the rapid increase in the RESs penetration will result in the significant reduction 
in the overall system inertia. To solve the low inertia issue in the system with high penetration of 
RESs, a new control strategy called virtual synchronous generator (VSG) which could provide the 
inertia support into the power system by using the inverter is recently proposed. Thus, due to its 
ability to provide additional inertia into the system, the research on VSG is important to achieve a 
stable operation of the power system with highly penetrated RESs.  
 
To achieve better utilization of VSG, in Chapter 3, the optimization of active power allocation 
of VSG is proposed. Using the proposed method, the active power output of the VSG could be 
properly allocated so that the system frequency could be restored within the allowable frequency 
limits in the various operating condition of the system when a large disturbance occurs in the 
system. However, this approach is not really flexible in its implementation due to the limited 
energy that can be stored in the energy storage system (ESS) of the VSG. Hence, the optimization 
of virtual inertia constant of VSG by taking advantage of the modifiable virtual inertia constant 
value of VSG is more appropriate. However, there is no method that also considers the frequency 
protection scheme of the system in optimizing VSG. In the low inertia system, due to reduced 
system inertia, the setting of the existing frequency protection scheme might be insufficient and 
need to be reconfigured to cope with the inertia reduction caused by RESs to avoid more frequent 
mal-operation of the frequency protection scheme and disconnection of customer loads. However, 
it is not practical to modify the setting of the frequency protection scheme depends on the 
penetration level of RESs. Hence, to solve such issues, in Chapter 4, the optimization of virtual 
inertia constant of VSG by also considering the frequency protection scheme of the system is 
proposed. Using the proposed method, the VSG could be integrated into the system by also 
retaining the performance of the existing frequency protection scheme of the system without the 
need for the modification in the setting of the existing frequency protection scheme.  
 
Furthermore, there is still an issue on how the VSG will impact the system stability when it is 
applied in a larger power system such as the interconnected power system. In the interconnected 
power system, the small-signal stability problem could arise due to the oscillation of generators 
located in the different areas. Since most of the research work on VSG are only focused on the 
frequency stability enhancement in the microgrid system, the impact of VSG to the small-signal 
stability in the large interconnected power system is not well known. Therefore, in Chapter 5, the 
small-signal stability analysis subject to the integration of VSG in the interconnected power system 
is analyzed by using the participation factor and sensitivity analysis. Based on the investigation, 
the placement location of VSG respect to the participation of generators in a certain area in the 
oscillation modes will have a significant influence on the damping performance of the system. 
This result is important so that the VSG could be properly applied in general power system, 
including in the interconnected power system. 
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Chapter 1 Introduction 
In recent years, due to an increasing concern in the issues related to the long-term adequacy of 
non-renewable energy sources such as petroleum, coal, and natural gas and the environmental 
problem caused by the utilization of those resources, including for electricity generation, the 
penetration of renewable energy sources (RESs) in the power system rapidly increases and 
becoming a necessity. The increasing concern in the aforementioned issues, followed by the 
changes in the energy regulation, makes the increasing penetration of RESs-based generation such 
as photovoltaic and wind-turbine generation in the power system inevitable. As an example, in 
Japan, up to 64 GW of photovoltaic is expected to be connected to the grid in 2030 [1]. Meanwhile, 
in countries such as Denmark, Ireland, and Germany, the annual penetration level of RESs of more 
than 20% has been achieved at the national level [2]. 
 
To enable the appropriate transfer of electrical energy from RESs to the power system, the 
inverter is normally required to integrate the RESs-based generation into the system. Regarding 
the control of the inverter, several control methods could be applied. The traditional method to 
control the inverter in the RESs-based generation is grid-connected current control. However, this 
type of control method has several limitations. Some of the notable ones are the inability to work 
in standalone mode due to the lack of grid-forming ability and the limited penetration in the system 
due to the lack of inertia support from the inverter [3]. Therefore, the concept of droop control was 
proposed [4], [5]. The droop control is a control method based on the parallel operation of the 
synchronous generator that could be used for regulating the active and reactive power of the RESs-
based generation. By applying the droop control, the RESs-based generation would be able to 
operate in standalone mode and will also have the power-sharing ability [3].  
 
However, although the droop control could solve some of the drawbacks of the traditional 
current control, it could not solve the issues arise from the low inertia problem in the system with 
high penetration of RESs due to its inability to provide inertia support to the power system. In the 
power system dominated by the inverter-based RESs generation, the overall system inertia would 
be significantly lower compared to the traditional power system dominated with the conventional 
synchronous generators. The inverter (and another power-electronics interface in general) is 
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inertia-less, due to the absence of rotating mass as the inertia source. Thus, the increasing 
penetration of inverter-based generation implies a reduction in system inertia. An example of the 
correlation between RESs penetration and the reduction in system inertia could be found in the 
Electricity Reliability Council of Texas (ERCOT) power system. In Fig. 1.1, frequency deviation 
in the ERCOT system is higher in 2008-2010 than in the previous time period for the same active 
power loss. The continuous decline of system inertia in the system is correlated with the increased 
penetration of non-synchronous resources in the system [6], [7].  
 
Fig. 1.1 Frequency deviation in the ERCOT system from 2006 to 2010 [7]. 
 
As a result, even though the rapid increase in the penetration level of RESs-based generation is 
a good thing from the environmental aspect, it is detrimental to the stability of the power system, 
particularly to the frequency stability [2], [8], [9], and could lead to negative effects such as 
excessive electricity supply in the system in the case of maximum electricity generation by RESs-
based generation, power fluctuation caused by variable nature of RESs, and the deterioration of 
frequency regulation [10]. Thus, since the droop control could not provide the required inertia 
support to mitigate the low inertia problem in the system dominated with the inverter-based RESs 
generation, the droop control is not a really viable option for the control of inverter in the RESs-
dominated power system.  
 
Therefore, to enable a high penetration of RESs in the power system, a new control strategy 
that could also provide the inertia support to the power system called virtual synchronous machine 
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(VISMA) [11], virtual synchronous generator (VSG) [12], or synchronverter [13] is proposed. The 
aforementioned strategies basically have the same objective, that is to provide additional inertia 
virtually by utilizing an inverter and an energy storage system (ESS), supported by a proper virtual 
inertia control mechanism. By using the aforementioned strategies, kinetic energy reservoir in the 
rotating mass of a conventional synchronous generator could be imitated on the inverter-based 
generator, and hence, enable the emulation of virtual inertia by the inverter-based generator. For 
simplicity, all of the mentioned strategies are designated as a virtual synchronous generator (VSG) 
in this research work. 
 
Because of its capability of providing additional inertia support in the low inertia power system, 
VSG would be an integral part of the future power system dominated with RESs. Thus, the research 
on VSG is important to achieve a stable operation of the power system with highly penetrated 
RESs. In this research work, the methods to enhance the performance of VSG and improving 
frequency stability of the system by optimizing the allocation of the active power of VSG and the 
virtual inertia constant of VSG are proposed. Furthermore, the impact of VSG in the low inertia 
interconnected power system, particularly on the small-signal stability of the system, is also 
investigated to enable a proper application of VSG in a broader scope, since most of the research 
work on VSG are only focused on the microgrid system [14], particularly on the frequency stability 
enhancement, and rarely pertaining the aspects such as its effects to the small-signal stability in 
the large interconnected power system.  
 
1.1 Research Problem and Motivation 
In applying VSG in the power system, the design of the virtual inertia control to regulate the 
energy storage system (ESS) of the RESs-based generation is not the only important aspect for 
proper operation of VSG. One of the other important aspects to be considered for a proper VSG 
operation is the allocation of active power output from the VSG. When a large disturbance occurs, 
if the active power is not properly allocated, the final frequency of the system after the disturbance 
might exceed the allowable frequency limits [15]. Hence, the optimization technique should be 
applied to obtain a proper active power allocation of the VSG.  
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However, the optimization of active power allocation is not really flexible in its implementation 
due to limited energy that can be stored in the energy storage system (ESS) of the VSG. Therefore, 
the optimization of virtual inertia constant of VSG by taking advantage of the modifiable virtual 
inertia constant of VSG is more appropriate. Unlike the inertia characteristic in the synchronous 
generator, the inertia support from the VSG could be adjusted by changing the virtual inertia 
constant value. However, while several methods for selecting the proper value for the virtual inertia 
constant/gain have been proposed, there is no method that also considers the frequency protection 
scheme of the system. In the low inertia system, due to reduced system inertia, the setting of the 
existing frequency protection scheme might be insufficient and need to be reconfigured to cope 
with the inertia reduction caused by RESs [16]. Without the modification of the frequency 
protection setting, mal-operation of the frequency protection scheme could occur more often with 
more disconnection of customer loads in low inertia condition [17]. In this regard, the problem 
arises, since, from the system operation point-of-view, it is not practical to modify the setting of 
the frequency protection scheme depends on the penetration level of RESs.  
 
Besides the problem in selecting appropriate VSG parameter, there is still an issue on how the 
VSG will impact the system stability when it is applied in a larger power system such as an 
interconnected power system. In the interconnected power system, the small-signal stability 
problem could arise due to the oscillation of generators located in the different areas. Since most 
of the research work on VSG are only focused on the frequency stability enhancement in the 
microgrid system, the aspects such as the effects of VSG to the small-signal stability in the large 
interconnected power system are rarely considered. The investigation on those aspects is important 
to enable a proper application of VSG in a broader scope. 
 
This research work is written in the form of papers, which were presented at the technical 
conferences or published in technical journals and transactions. 
 
1.2 Research Objective and Contribution 
The objective and the contribution of the works presented in this research work are divided into 
three main parts as follows: 
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Firstly, the optimization of the active power allocation of the VSG is proposed. Particle swarm 
optimization (PSO) is used in this research work to obtain the optimum set point for the active 
power output of the VSG. Using the proposed method, the active power output of the VSG could 
be properly allocated so that the system frequency could be maintained within the allowable 
frequency limits when a large disturbance occurs in the system. Compared to the conventional 
current control, the VSG will give a better frequency performance subject to a large disturbance 
in the system. Furthermore, the proposed method is also applied to solve the optimization problem 
by considering multiple system operating conditions. Thus, the obtained active power allocation 
would be suitable to maintain the frequency stability of the system in the case of large disturbance 
even though the system condition changes. 
 
Secondly, a novel method for the optimization of virtual inertia constant/gain of VSG by also 
considering the frequency protection scheme of the system (i.e. underfrequency load shedding 
scheme) is elaborated. In the proposed method, virtual inertia constant/gain of VSG is selected so 
that the level of frequency nadir in the normal inertia condition could be maintained in low inertia 
condition. By utilizing the proposed approach, the VSG could be integrated into the system by also 
retaining the performance of the existing frequency protection scheme of the system without 
modifying its setting when the protection scheme is applied in low inertia condition. Without the 
consideration of the frequency protection scheme of the system, the protection scheme might mal-
operate more frequently in low inertia condition. 
 
Thirdly, an investigation on the impact of VSG in the low inertia interconnected power system 
is presented so that the VSG could be properly applied not only into the microgrid system but also 
in a more general power system (e.g. interconnected power system). The analysis is focused on 
the small-signal stability of the system since most of the research work on VSG are only focused 
on the frequency stability of the system. While the small-signal stability is an important aspect to 
be considered, its influence related to the VSG application is rarely concerned because the small-
signal stability issue does not usually emerge in the microgrid system (i.e. the system usually used 
in most of the VSG research). Based on the investigation, the placement location of VSG will have 
a significant influence on the small-signal stability of the system. This result is of paramount 
importance so that the VSG could be properly applied in the interconnected power system.  
Study on the Stability Enhancement of Low Inertia Power System  
using Virtual Synchronous Generator 
6 
1.3 Research Outline 
This research work is divided into six chapters. Chapter 1 provides an introduction to the 
significance of low system inertia issue caused by high penetration of renewable energy sources 
(RESs) in the power system and the importance of VSG role in the low inertia power system. The 
research problem, objective, and contribution are also briefly explained in this chapter.  
 
Chapter 2 provides a brief explanation of the fundamental theories used in the research, such as 
the concept of virtual inertia, particle swarm optimization (PSO), and small-signal stability of the 
power system. 
 
Chapter 3 describes a method to optimize the active power allocation of the VSG so that the 
frequency stability of the simulated system can be maintained in the case of a large disturbance in 
the system. Particle swarm optimization (PSO) is used to obtain the optimum set point for the 
active power output of the VSG. The proposed method is also applied by considering multiple 
operating conditions of the system. The simulation results are presented and analyzed. The 
comparison between the frequency response of VSG using virtual inertia control and conventional 
current control is also provided. By utilizing the proposed method, the frequency stability of the 
system could be maintained in the case of a large disturbance in the system even though the system 
condition changes. 
 
Chapter 4 explains a novel method for the optimization of virtual inertia constant/gain of VSG 
by also considering the frequency protection of the system. While the method to optimize the 
utilization of VSG by obtaining the optimal active power allocation of VSG has been determined 
in Chapter 3, it is not really flexible in its implementation due to the limited energy that can be 
stored in the energy storage system (ESS) of the VSG. Therefore, the optimization of virtual inertia 
constant of VSG is proposed, taking advantage of the modifiable virtual inertia constant value of 
VSG. Moreover, the frequency protection scheme of the system (i.e. underfrequency load shedding 
scheme) is also considered in optimizing the virtual inertia constant. Hence, the VSG could be 
integrated into the system by also retaining the performance of the existing frequency protection 
scheme of the system without the need for the modification in the setting of the existing frequency 
protection scheme.  
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Chapter 5 describes the impact of VSG integration to the small-signal stability of the 
interconnected power system. Since most of the research work in VSG are focused on the power-
electronics side and its application in the simple load-generator or microgrid system, the impact of 
VSG to the small-signal stability of the system is not well known. Therefore, in this chapter, the 
small-signal stability (as an issue usually emerges in the interconnected power system) subject to 
the integration of VSG in the interconnected power system is analyzed by using the participation 
factor and sensitivity analysis to investigate the effect of VSG to the small-signal stability of the 
system. The different placement locations of VSG respect to the participation of generators in a 
certain area in the oscillation modes are also considered so that the impact of VSG integration to 
the damping performance of the system could be properly evaluated. 
 
Chapter 6 includes the conclusion from the obtained results from the previous chapters. 
 
1.4 Summary 
This chapter provides an introduction to the significance of the low inertia issue in the power 
system and the importance of VSG role in the low inertia power system. The research problem, 
objective, and contribution are briefly explained and the research outline is also presented. 
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Chapter 2 Basic Theory 
In this chapter, the fundamental theories used in this research work are briefly explained as 
follows: 
 
2.1 The Swing Equation and the Concept of Virtual Inertia 
The implementation of a virtual synchronous generator (VSG) is based on the emulation of the 
typical swing equation of a synchronous generator (SG). The typical swing equation of an SG 
including the damping component can be written as  
 
 
?̅?𝑚 − ?̅?𝑒 = ?̅?𝑎 =
2𝐻
𝜔0
𝑑2δ
𝑑𝑡2
=
2𝐻
𝜔0
𝑑𝜔𝑟
𝑑𝑡
 (2.1)  
where  
?̅?𝑚 is mechanical power input [p.u.], 
?̅?𝑒 is electrical power output [p.u.], 
?̅?𝑎 is acceleration power [p.u.], 
𝐻 is inertia constant [MW.s/MVA],  
𝜔0 is rated angular velocity of the rotor [rad/s], 
𝜔𝑟 is angular velocity of the rotor [rad/s], 
δ  is rotor angle [rad], and 
𝑡  is time [s].  
 
When the damping component is also included, the equation above becomes 
 
 
?̅?𝑚 − ?̅?𝑒 =
2𝐻
𝜔0
𝑑𝜔𝑟
𝑑𝑡
+ 𝐾𝐷
∆𝜔𝑟
𝜔0
 (2.2)  
 
where 𝐾𝐷 is damping coefficient. Equation (2.2) could also be represented in frequency (Hz) as   
 
 
?̅?𝑚 − ?̅?𝑒 =
2𝐻
𝑓0
𝑑𝑓
𝑑𝑡
+ 𝐾𝐷
∆𝑓
𝑓0
 (2.3)  
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where 
𝑓0 is rated frequency of the power system [Hz] and 
𝑓 is the frequency of the power system [Hz]. 
 
The term 
𝑑𝑓
𝑑𝑡
 is well known as the rate-of-change-of-frequency (ROCOF) of the power system. 
 
The swing equation shows the relationship between the active power and the angular rotor 
velocity of an SG and is also correlated to the system frequency, as the term 
𝑑2δ
𝑑𝑡2
 indicates the 
change in system frequency or the angular rotor velocity of an SG. Based on the swing equation, 
system frequency can increase or decrease depending on the balance between the mechanical 
power input 𝑃𝑚 and the electrical power output 𝑃𝑒. When (?̅?𝑚 − ?̅?𝑒) is positive, the acceleration 
power ?̅?𝑎 is positive. In this condition, system frequency will increase, and vice versa. At a steady-
state operating point, the system frequency is maintained by regulating the generation-load balance 
using a speed governor. 
 
2.1.1 The Concept of Virtual Inertia and Virtual Synchronous Generator (VSG) 
The concept of providing virtual inertia to the power system by using an inverter, energy storage 
system (ESS), and a proper virtual inertia control is known as a virtual synchronous generator 
(VSG) [1], virtual synchronous machine (VISMA) [2], or synchronverter [3]. In this research work, 
all of the similar concepts are designated as a virtual synchronous generator (VSG). The basic 
diagram of VSG is given in Fig. 2.1. 
Power 
system
Virtual inertia 
control
frequency 
voltage
current
Virtual Synchronous Generator
control signal
P, Q
Inverter
RESs-based 
generation
ESS
 
Fig. 2.1 The basic diagram of virtual synchronous generator (VSG). 
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The idea of virtual inertia is based on the implementation of the swing equation of an SG into 
the inverter of the inverter-based RESs generation so that the inverter (which is inertia-less) could 
be controlled to emulate the inertia characteristic of an SG. The term ‘virtual inertia’ refers to the 
fact that by using a proper virtual inertia control, the inertia characteristic of an SG could be 
emulated by using the inverter without utilizing any kind of rotating mass. The virtual inertia 
control is used in the VSG to determine the required inertia power output of the VSG. Thus, in 
VSG, the inertia characteristic of an SG could be emulated by properly applying a virtual inertia 
control to control the inverter employed in the inverter-based generation. The energy storage 
system (ESS) is required to mimic the kinetic energy storage of an SG. By using the ESS, the 
difference between the input and output power of VSG could be compensated [4].  
 
To emulate the virtual inertia, there are various available approaches to virtually emulate the 
inertia characteristic of an SG, as summarized in [5]–[7]. Among the available approaches, the 
simplest and the most fundamental method for emulating virtual inertia is the virtual emulation 
based on the frequency derivative (ROCOF) of the system. The virtual inertia power in this virtual 
inertia emulation method is calculated by using Equation (2.4), based on Equation (2.3) as 
 
 
𝑃𝑉𝐼 = 𝐾𝑉𝐼
𝑑𝑓
𝑑𝑡
+ 𝐾𝐷∆𝑓 (2.4)  
where  
𝑃𝑉𝐼 is output virtual inertia power of VSG and  
𝐾𝑉𝐼 is virtual inertia constant/gain. 
 
In this method, the virtual inertia power of VSG is directly emulated by using a derivative term 
(
𝑑𝑓
𝑑𝑡
). Thus, the virtual inertia could be emulated by simply incorporating the derivative control in 
the controlled inverter based on the frequency measurement of the system. The derivative control-
based virtual inertia control is utilized in [8]–[10] and the more advanced applications of the 
derivative control-based virtual inertia control are presented in [11]–[13]. 
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2.1.2 Swing Equation-based Virtual Synchronous Generator (SE-VSG) 
While the virtual inertia could be emulated by utilizing the frequency derivative, the virtual 
inertia emulation based on the frequency derivative requires a derivative term/block, which is 
sensitive to noise [7], [10]. Therefore, in this research work, the swing equation-based virtual 
inertia emulation technique is used in the VSG [4]. This technique does not require a derivative 
term/block in its model and is simpler compared to another technique such as the technique based 
on the full model of an SG (i.e. the synchronverter) [3], [14] while still providing the required 
virtual inertia power. 
 
The swing equation-based VSG (i.e. the VSG utilizing the swing equation-based virtual inertia 
emulation technique) is introduced in [4]. In swing equation-based VSG (SE-VSG), virtual inertia 
control is realized by incorporating a typical swing equation of an SG as in Equation (2.2) into the 
virtual inertia control block of VSG. The SE-VSG is applied in many research work, such as in 
[4], [15]–[19].  
  
The structure of SE-VSG with additional reactive power control is shown in Fig. 2.2. The 
structure is based on the VSG structure used in [6], [15]–[17]. In the virtual inertia emulation block, 
the swing equation for virtual inertia control in per-unit defined in Equation (2.5) is incorporated. 
 
 
?̅?𝑖𝑛 − ?̅?𝑜𝑢𝑡 = 2𝐻𝑉𝐼
𝑑?̅?𝑉𝐼
𝑑𝑡
+ 𝐾𝑑∆?̅?𝑉𝐼 (2.5)  
where 
?̅?𝑖𝑛 is input power of VSG [p.u.], 
?̅?𝑜𝑢𝑡  is output power of VSG [p.u.], 
𝐻𝑉𝐼 is virtual inertia constant [s], 
∆?̅?𝑉𝐼 is virtual angular rotor speed deviation [p.u.], and 
𝐾𝑑 is virtual damping coefficient of the VSG [p.u.]. 
∆?̅?𝑉𝐼 is defined as (?̅?𝑉𝐼 − ?̅?𝑔), where 
?̅?𝑉𝐼 is virtual angular rotor speed [p.u.] and  
?̅?𝑔 is angular rotor speed at the measurement point [p.u.]. 
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In the virtual inertia control part, VSG governor with the function similar to the speed governor 
in a conventional SG is also added. The equation for VSG governor in per-unit is represented as 
  
 ?̅?𝑖𝑛 − ?̅?0 = −𝐾𝑝(?̅?𝑉𝐼 − ?̅?0) (2.6)  
where 
?̅?0  is active power reference of VSG [p.u.], 
?̅?0 is rated system angular frequency [p.u.], and 
𝐾𝑝 is droop coefficient of VSG.  
 
In the control part of the VSG, reactive power control based on a proportional-integral (PI) 
control is also applied. 𝑄𝑜𝑢𝑡 and 𝑄𝑟𝑒𝑓 are reactive power output and its reference value, while 
𝑉𝑔𝑟𝑖𝑑 and 𝑉𝑟𝑒𝑓 are measured grid voltage and its reference value, respectively. 
PWM
1/s
θpwm
ωVI
Pout
ωg
Pin
Kp
ω0 P0
Vpwm
VSG governor
+
++- Swing 
equation 
(virtual 
inertia 
emulation)
Power 
system
Q
P
ESS Inverter
RESs-based 
generation
Virtual inertia control with VSG governor
frequency 
voltage
current
Reactive power control Vgrid
PI control
Qout
Qref
-
+ + -
Vref
+
Control part
 
Fig. 2.2 Swing equation-based VSG (SE-VSG) with reactive power control. 
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2.2 Particle Swarm Optimization (PSO) 
Particle swarm optimization (PSO) introduced by Kennedy and Eberhart [20] is a robust and 
simple technique for solving the optimization problem and has been used for various applications. 
For the application in the power system, the examples of the PSO application are for designing 
optimum PID control for an automatic voltage regulator [21] and designing online volt/var control 
considering voltage security assessment [22]. PSO has several advantages, such as efficient 
computation, easy implementation, and stable convergence characteristic [21]. According to [23], 
PSO is also suitable for online optimization due to its simplicity. 
 
PSO is formulated based on the behavior of a group/swarm of birds in finding the location of 
food [20]. The illustration of PSO is shown in Fig. 2.3. Initially, each bird flies at a different 
location in a certain area (search space). To find the food location, each bird will move based on 
the closest position it achieves and the position of the bird with the closest distance to the food 
location. The birds will move until arriving at the food location.  
j-th particle (bird) 
with location xj,i 
optimal solution 
(food location)
velocity of particle
Search space
current gbest
 
Fig. 2.3 The illustration of particle swarm optimization (PSO). 
 
In the PSO algorithm, the birds are defined as particles. Each particle has its own position and 
velocity in the search space. Using the PSO algorithm, the position of each particle will be updated 
based on the specified objective function until an optimal solution is obtained (i.e. the birds will 
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move until arriving at the food location). The particle position update is realized by using the value 
of 𝑝𝑏𝑒𝑠𝑡𝑗 (i.e. the closest position achieved by a particular 𝑗-th bird) and 𝑔𝑏𝑒𝑠𝑡 (i.e. the position 
of the bird with the closest distance to the food location). The obtained optimal solution is 
determined by the value of 𝑔𝑏𝑒𝑠𝑡 after a certain number of iteration or when a certain stopping 
condition is fulfilled. 
 
The general flowchart of the PSO algorithm is shown in Fig. 2.4. In the flowchart, the number 
of particles used in PSO algorithm is designated as 𝑁𝑝. Particle position (𝑥𝑗) is randomly initialized, 
while zero-velocity initialization [24] is applied to initialize the velocity of particles (𝑣𝑗). The best 
fitness of 𝑗-th particle and global best fitness are defined as 𝑝𝑏𝑒𝑠𝑡𝑓𝑖𝑡𝑗 and 𝑔𝑏𝑒𝑠𝑡𝑓𝑖𝑡, respectively. 
The fitness is a measure of how well a specific particle position satisfies the objective function. 
 
To update the position of particles, the pair of equations given in Equation (2.7) and Equation 
(2.8) is used.  
 
𝑣𝑗,𝑖+1 = 𝑤. 𝑣𝑗,𝑖 + 𝑐1. 𝑟1(𝑝𝑏𝑒𝑠𝑡𝑗 − 𝑥𝑗,𝑖) + 𝑐2. 𝑟2(𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑗,𝑖) (2.7)  
 𝑥𝑗,𝑖+1 = 𝑥𝑗,𝑖 + 𝑣𝑗,𝑖+1 (2.8)  
where 
𝑥𝑗 is position of 𝑗-th particle, 
𝑣𝑗  is velocity of 𝑗-th particle, 
𝑝𝑏𝑒𝑠𝑡𝑗 is position of 𝑗-th particle that leads to the best fitness for the 𝑗-th particle, 
𝑔𝑏𝑒𝑠𝑡 is position among all particles resulting in an overall best fitness, 
𝑐1 is individual learning rate of the particles, 
𝑐2 is global learning rate, 
𝑤 is inertia weight [25], and  
𝑟1, 𝑟2 are random numbers between 0 and 1. 
 
In this research work, 𝑐1 and 𝑐2 are set at 2 with the inertia weight 𝑤 is set at 0.729 for all of the 
applied PSO algorithms. The general principle to choose these values is explained in [26]. In Fig. 
2.4, the use of stopping condition is optional depending on the optimization problem to be solved. 
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Start
Parameter initialization:
>> xj = random for j = [1..Np]; vj = 0 for j = [1..Np]
>> set xj as initial pbestj 
>> set initial best fitness of particles (pbestfitj)
>> set initial global best fitness (gbestfit) 
iteration i = 1
particle j = 1
calculation of fitnessj  
fitnessj < pbestfitj?
set current xj as pbestj, update pbestfitj
Yes
fitnessj < gbestfit?
set current xj as gbest, update gbestfit
j = j + 1
No
No
Yes
Yes
stopping condition 
is met?
End
Yes
No
check: j < Np?
Update the position of 
j-th particle
Yes
Nocheck:
i ≤ maxiter?
i = i + 1
End
No
 
Fig. 2.4 The general flowchart of PSO algorithm. 
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2.3 Small-signal Stability Analysis 
The small-signal stability analysis is one of the tools that is commonly used to analyze the 
adequacy of damping performance in the system, particularly in the interconnected power system 
separated by long transmission lines. By using the small-signal stability analysis, the damping 
properties of the oscillation modes in the system could be obtained and then, the oscillation modes 
with low or negative damping could be identified. 
 
The small-signal stability analysis is derived based on the assumption that the disturbance 
considered in the analysis is small, so that the equations describing the system response may be 
linearized [27]. The complete derivation of small-signal stability analysis could be found in [27]. 
In deriving the small-signal stability of the power system, the behavior of a power system could 
be modeled by using a set of n first-order non-linear ordinary differential equations defined as 
 
 ?̇? = 𝐟(𝐱, 𝐮),     𝐲 = 𝐠(𝐱, 𝐮) (2.9)  
where  
𝐱 is state vector consisted of state variables, 
𝐮  is input vector, 
𝐲  is output vector, and  
𝐠  is a vector associating input and state variables to output variables. 
 
By applying a small disturbance around the equilibrium point (𝐱0, 𝐮0) and utilizing Taylor’s series 
expansion, Equation (2.9) can be linearized as 
 
 ∆?̇? = 𝐀∆𝐱 + 𝐁∆𝐮,     ∆𝐲 = 𝐂∆𝐱 + 𝐃∆𝐮 (2.10)  
where  
𝐀 is plant matrix, 
𝐁 is control matrix, 
𝐂  is output matrix, and 
𝐃  is feedforward matrix.  
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Applying the Laplace transform to Equation (2.10), the characteristic equation of matrix 𝐀 can be 
obtained as in Equation (2.11), with s is the eigenvalue(s) of matrix 𝐀 when Equation (2.11) is 
fulfilled [27]. 
 det(𝑠𝐈 − 𝐀) = 0 (2.11)  
  
In addition, when the non-trivial solutions exist, the eigenvalues 𝜆  of matrix 𝐀  are given by 
Equation (2.12). Any n-column vector 𝛟𝒊  and n-row vector 𝛙𝒊  fulfilling Equation (2.12) are 
defined as right and left eigenvector of matrix 𝐀 associated with 𝜆𝑖 , respectively [27]. Right 
eigenvectors are particularly useful to determine the mode shape of the oscillation modes in the 
system. 
 𝐀𝛟 = 𝜆𝛟 
𝛙𝐀 = 𝜆𝛙 
(2.12)  
 
For a complex eigenvalues pair 𝜆 = 𝜎 ± 𝑗𝜔, the damped frequency 𝑓𝑑𝑚𝑝 in Hz and damping 
ratio 𝜁 are given by Equations (2.13) and (2.14), respectively. 
 
 𝑓𝑑𝑚𝑝 = 𝜔 2𝜋⁄  (2.13)  
 𝜁 =
−𝜎
√𝜎2 + 𝜔2
 (2.14)  
 
To measure the relative participation of 𝑘 -th state variable in 𝑖 -th mode and vice versa, 
participation factor 𝑝𝑘𝑖 is widely used. Participation factor 𝑝𝑘𝑖 determines the net participation of 
the state variables in a certain mode [27] and is given as 
 𝑝𝑘𝑖 = ϕ𝑘𝑖ψ𝑖𝑘 (2.15)  
 
2.4 Summary 
This chapter provides a brief explanation of the concept and basic theory related to this research 
work. The explained concept and basic theory are including the concept of virtual inertia, the basic 
algorithm of particle swarm optimization (PSO), and the fundamentals of small-signal stability. 
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Chapter 3 Optimization of Active Power Allocation of VSG 
using Particle Swarm Optimization 
3.1 Introduction 
In applying the virtual inertia concept for the purpose of frequency control of the microgrid, the 
proper allocation of active power output from the VSG is one of the important considerations. If 
the active power is not properly allocated, the steady-state frequency after a large disturbance 
might exceed the allowable margin. The effect of the improperly allocated active power is more 
severe in a microgrid without secondary control loop due to the inability to restore the frequency 
back to the nominal value after the steady-state condition is achieved. 
 
To overcome this problem, in this chapter, the method for optimizing the active power 
allocation of VSG is proposed. In this research work, particle swarm optimization (PSO) [1] is 
used to obtain the optimal active power allocation of VSG [2].  
 
3.2 System Modeling 
The test system shown in Fig. 3.1 modeled on DIgSILENT PowerFactory is used to perform all 
of the simulations in this research work. The system has the nominal frequency of 50 Hz and is 
based on the system used in [3]. The parameters of the system are provided in the Appendix. In 
normal condition, the system operates in grid-connected mode. The peak demand of load L1, L2, 
L3, L4, and L5 is 1.85 MW, 1.7 MW, 1.75 MW, 1.9 MW, and 2.4 MW, respectively. The total 
load is 9.6 MW. The active power dispatch for G1 and G2 are 2 and 1.2 MW respectively, with 
generator G1 is equipped with a speed governor with 4% speed regulation. The model of the speed 
governor is provided in the Appendix. The active power output from the photovoltaic (PV) power 
plant is set as 3 MW. For the VSG, the virtual inertia constant (𝐻𝑉𝐼) and droop coefficient (𝐾𝑃) of 
VSG are set at 5 s and 20, respectively. 
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Fig. 3.1 The simulated test system. 
    
3.3 PSO Design for Optimization of Active Power Allocation of VSG 
In this chapter, the design of PSO for the purpose of the optimization of the allocation of active 
power output from VSG is presented. The aim of the optimization is to evaluate an optimum 
allocation of active power of VSG to obtain a minimum steady-state frequency deviation so that a 
balanced generation and load after the loss of the utility grid can be achieved.  
 
In the proposed method, the parameter to be optimized is the active power reference of VSG 
(𝑃0). Hence, the position of particles in the PSO algorithm corresponds to the 𝑃0  value. The 
objective function of the proposed method is defined as 
 
 objective function: minimize ∆𝑓 (3.1)  
 
where ∆𝑓 is steady-state frequency deviation of the system defined as |𝑓 − 𝑓0| in which 𝑓 and 𝑓0 
are the steady-state frequency of the system and the nominal frequency of the system, respectively. 
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The flowchart of the PSO algorithm used in this research work is illustrated in Fig. 3.2. The 
number of particles used (𝑁𝑝) is 10 with maximum iteration number (𝑚𝑎𝑥𝑖𝑡𝑒𝑟) of 20. Learning 
rate 𝑐1 and 𝑐2 are both set as 2 with inertia weight (𝑤) is 0.729.  
Start
Parameter initialization:
>> xj = random for j = [1..Np]; vj = 0 for j = [1..Np]
>> set xj as initial pbestj 
>> set initial best fitness of particles (pbestfitj)
>> set initial global best fitness (gbestfit) 
iteration i = 1
particle j = 1
calculation of fitnessj (|fj – f0|) 
fitnessj < pbestfitj?
set current xj as pbestj, update pbestfitj
Yes
fitnessj < gbestfit?
set current xj as gbest, update gbestfit
j = j + 1
No
No
Yes
Yes
check: j < Np?
Update the position of 
j-th particle
Yes
Nocheck:
i ≤ maxiter?
i = i + 1
End
No
position of j-th particle (xj) 
corresponds to a certain P0 
value
 
Fig. 3.2 The flowchart of the optimization of active power allocation of VSG by using PSO. 
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The Consideration of Multiple Operating Conditions 
In this section, the design of PSO for the optimization of the allocation of active power output 
from VSG that has been elaborated before is modified so that the PSO design could be applied by 
also taking into account different operating conditions of the system. Thus, the optimal allocation 
of the active power of VSG would be sufficient to restore the frequency of the system after a large 
disturbance within the allowable margin in various operating conditions [4].  
 
To consider different operating conditions of the system in the PSO design, the objective 
function of the PSO is to minimize the fitness function ∆𝑓̅̅̅̅  and defined as 
 
 objective function: minimize ∆𝑓̅̅̅̅  (3.2)  
 
where ∆𝑓̅̅̅̅  is average steady-state frequency deviation for the considered operating conditions. For 
a particular particle 𝑗, the fitness function is described as 
 
 
∆𝑓𝑗 =
1
𝑁
∑ (|𝑓𝑎,𝑗 − 𝑓0|)
𝑁
𝑎=1
 (3.3)  
where  
∆𝑓𝑗̅̅ ̅̅  is average steady-state frequency deviation from the considered operating conditions 
for particle 𝑗, 
𝑁 is number of considered operating conditions, 
𝑎 is index number for operating condition/scenario, 
𝑗 is particle index number, 
𝑓0 is nominal system frequency, and 
𝑓𝑎,𝑗 is steady-state frequency after a disturbance obtained by 𝑗-th particle in 𝑎-th operating 
condition. 
 
In the PSO design, the constraint for the steady-state frequency as described in Equation (3.4) 
is also applied. 
 
∆𝑓𝑎,𝑗 = {
|𝑓𝑎,𝑗 − 𝑓0|
𝜀
𝑓𝑙𝑙𝑖𝑚 ≤ 𝑓𝑎,𝑗 ≤ 𝑓𝑢𝑙𝑖𝑚
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (3.4)  
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where  
∆𝑓𝑎,𝑗 is steady-state frequency deviation for particle 𝑗 in 𝑎-th operating condition, 
𝑓𝑙𝑙𝑖𝑚 is lower limit for steady-state frequency 
𝑓𝑢𝑙𝑖𝑚 is upper limit for steady-state frequency, and 
𝜀 is a predetermined error as a penalty factor. 
 
In Equation (3.4), the parameter 𝜀 is used to penalize the violation in the steady-state frequency 
limits, if any. By using 𝜀 and recording the steady-state frequency data for the considered operating 
conditions in every iteration, the violation in the steady-state frequency and the corresponding 
operating condition can be identified. In this research work, the values of 𝜀, 𝑓𝑙𝑙𝑖𝑚, and 𝑓𝑢𝑙𝑖𝑚 are set 
at 5 Hz, 49.5 Hz, and 50.5 Hz, respectively. Meanwhile, the flowchart of the PSO algorithm for 
the optimization of active power allocation of VSG considering multiple operating conditions is 
illustrated in Fig. 3.3. The number of the particles used (𝑁𝑝) is 10 with maximum iteration number 
(𝑚𝑎𝑥𝑖𝑡𝑒𝑟) of 15. Learning rate 𝑐1 and 𝑐2 are both set as 2 with inertia weight (𝑤) is 0.729.  
 
In this research work, three operating conditions are used in the optimization process to obtain 
the optimal set point for the active power of VSG. The operating conditions are described in Table 
3.1, based on the variation in the active power output from the photovoltaic (PV) generation (𝑃𝑃𝑉) 
and the load demand in the simulated system. Zero active power output from the PV generation is 
corresponding to the time when there is no active power output from PV (e.g. at night). The load 
percentage represents the load variation in the microgrid system. It is assumed that load L1 and L4 
are constant. Thus, the considered variation in the load demand is applied only for load L2, L3, 
and L5 (with the total peak load of 5.85 MW). 
 
Table 3.1 The Operating Conditions Used in the Optimization Process 
 Operating 
condition 
𝑃𝑃𝑉 [MW] 
Load demand 
[%] 
OC1 3 100 
OC2 0 100 
OC3 0 75 
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Fig. 3.3 The flowchart of the optimization of active power allocation of VSG by using PSO 
considering multiple operating conditions.   
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3.4 Simulation Results and Discussion 
To perform the optimization and assess the performance of the proposed method, DIgSILENT 
Programming Language is used. The frequency response in the case of the system utilizing VSG 
is compared to the case utilizing a conventional current control. The block diagram of the current 
control is given in Fig. 3.4, based on the diagram of the built-in current controller in DIgSILENT 
PowerFactory [5]. In Fig. 3.4, 𝑖𝑑, 𝑖𝑞, 𝑖𝑑,𝑟𝑒𝑓, and 𝑖𝑞,𝑟𝑒𝑓 are d-axis and q-axis AC-current and their 
reference value, while 𝐾𝑑, 𝑇𝑑, 𝐾𝑞, and 𝑇𝑞 are proportional gain and integral time constant for d-
axis and q-axis, respectively. 𝑃𝑚𝑑 and 𝑃𝑚𝑞 are pulse-width modulation (PWM) index for d-axis 
and q-axis, respectively. 𝐾𝑑 and 𝐾𝑞 are both set at 5, while 𝑇𝑑 and 𝑇𝑞 are both set at 0.1 s. 
Kd 1+ Pmd
1
sTd
Kq 1+
1
sTq
Pmq
- +
id,ref
- +
iq,ref
id
iq
 
Fig. 3.4 The block diagram of the current control [5]. 
 
In the performed simulation, the performance of the proposed method is tested by applying a 
three-phase fault at 10 s with fault clearance in 100 ms at the bus connecting the microgrid and the 
utility grid. The disturbance results in the disconnection of microgrid from the utility grid and 
changes microgrid operation mode from grid-connected mode to the islanded mode. The nominal 
system frequency is 50 Hz. Generator G1 in the system has been equipped with the speed governor 
with the speed regulation factor of 4%. 
 
The frequency response of the system subject to a severe disturbance causing disconnection of 
the microgrid from the utility grid is shown in Fig. 3.5. The default allocation for active power (i.e. 
in the case without PSO) is set at 2.5 MW whereas the optimal allocation obtained by using PSO 
is shown in Table 3.2. From the simulation result, it is shown that by using the PSO, the frequency 
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could be restored to the nominal value after a severe disturbance. In the case when energy storage 
is not applied in the system, the system frequency will significantly drop and resulting in the 
system collapse. The detailed result for the performed simulation is provided in Table 3.2.  
  
 
 
 
Fig. 3.5 Frequency response of the system after a severe disturbance causing disconnection of 
the microgrid from the utility grid.  
 
From Fig. 3.5, it is also shown that the utilization of VSG will result in a significantly better 
frequency performance compared to the inverter utilizing a conventional current control. When 
the inverter with current control is used, high deviation of frequency is observed during the system 
dynamics. On the other hand, due to the utilization of virtual inertia control in the VSG, unlike the 
current control, VSG could also provide the additional inertia support to the microgrid system. 
Hence, the frequency deviation is significantly lower in the system utilizing VSG.  
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Table 3.2 The Detailed Result for the Performed Simulation 
Configuration 𝑃0 
[MW] 
Steady-state 
frequency [Hz] 
Frequency deviation [Hz] 
Upper Lower 
No energy storage 0 15.02 +0.24 -34.98 
Current control (without PSO) 2.50 49.40 +0.66 -1.33 
Current control (with PSO) 3.41 50 +0.78 -0.09 
VSG (without PSO) 2.50 49.74 0 -0.33 
VSG (with PSO) 3.41 50 0 -0.07 
 
3.4.1 Simulation Results for the Optimization Considering Multiple Operating 
Conditions 
In this section, the performance of the proposed method with the consideration of multiple 
operating conditions is assessed by using the same disturbance used in the previous section (i.e. 
disconnection of the microgrid from the utility grid at 10 s). The upper and lower limits for steady-
state frequency in the PSO design are set at 50.5 Hz and 49.5 Hz, respectively. The same frequency 
limits are also used as the assumed allowable limits for the simulated microgrid system. Based on 
the performed optimization, the optimal active power reference (𝑃0) is obtained as 4.95 MW. Using 
this value, the resulting average steady-state frequency deviation (∆𝑓̅̅̅̅ ) in the system is 0.2854 Hz.  
 
To examine the performance of the proposed method in other operating condition, the frequency 
response in the operating condition designated as operating condition 4 (OC4) with 2 MW active 
power output from PV (𝑃𝑃𝑉 = 2 MW) and 90% demand for load L2, L3, and L5 is also assessed. 
It is important to note that the operating condition OC4 is not included as one of the considered 
operating conditions in the optimization process. 
 
The frequency response for the simulated operating conditions with the active power reference 
(𝑃0) of 4.95 MW is shown in Fig. 3.6 and tabulated in Table 3.3. By employing VSG with the 
active power reference obtained by the proposed method, the frequency of the microgrid can be 
restored within the allowable limits in all simulated operating conditions including in OC4, which 
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is not considered in the optimization process. Thus, the proposed method is effective for 
determining the proper active power reference of the VSG for the application in multiple operating 
conditions.  
 
 
 
 
Fig. 3.6 Frequency response of the system for the simulated operating conditions after a 
severe disturbance causing disconnection of the microgrid from the utility grid.  
 
Table 3.3 The Frequency Response of the Microgrid System 
 
 
 
 
 
 
 
 
The response of the active power output from the VSG all simulated operating conditions is 
shown in Fig. 3.7. In this study, the capacity of the inverter and its corresponding transformer are 
assumed to be both 10 MVA to investigate the response of the VSG. From the simulation results, 
it is shown that VSG could respond rapidly in order to supply the necessary power to suppress the 
frequency deviation during the disturbance. The setpoint of the active power of VSG in steady-
state condition after the disturbance changes from its initial value due to the action of VSG 
Operating 
condition 
Max/min frequency 
during transient [Hz] 
Steady-state 
frequency [Hz] 
OC1 50.57 50.44 
OC2 49.45 49.58 
OC3 50.23 50.00 
OC4 50.43 50.32 
F 
r 
e 
q 
u 
e 
n 
c 
y 
 
(Hz) 
Time (s) 
Operating condition 1 (OC1) 
Operating condition 2 (OC2) 
Operating condition 3 (OC3) 
Operating condition 4 (OC4) 
Chapter 3 Optimization of Active Power Allocation of VSG using Particle Swarm Optimization 
33 
governor. In this regard, VSG will supply more active power in the case of lack of generation after 
the disturbance and vice versa. To obtain proper operation of VSG, the feature of VSG governor 
should be considered in sizing the inverter so that the VSG is able to supply the desired virtual 
inertia into the system with adequate inverter capacity. 
 
 
 
 
Fig. 3.7 Active power of VSG for the simulated operating conditions after a severe 
disturbance causing disconnection of the microgrid from the utility grid.  
 
3.5 Summary 
This chapter presents the implementation of particle swarm optimization (PSO) to optimize the 
active power allocation of VSG, including the implementation considering multiple operating 
scenarios. Based on the results, by utilizing the proposed method, the steady-state frequency after 
a large disturbance could be restored within the allowable limits in different system operating 
conditions. In addition, VSG could give a better frequency stabilization compared to the inverter 
utilizing the conventional current control. Hence, the application of VSG would be important in 
the low inertia power system due to its ability to provide the additional inertia support to the system. 
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Chapter 4 VSG Optimization Considering System 
Frequency Protection 
4.1 Introduction 
In utilizing VSG for the purpose of frequency control of power system, the proper value of its 
parameters (i.e. virtual inertia constant, virtual damping coefficient) is of paramount importance 
to get proper performance from VSG. Improper value of VSG parameters may result in insufficient 
dynamic frequency support from the VSG. In particular, the virtual inertia constant has a large 
influence on dynamic frequency support from VSG. Higher virtual inertia constant corresponds to 
lower frequency deviation during transient [1]. However, in exchange for the reduction of 
maximum speed deviation, increasing virtual inertia constant may make the system slower and 
more oscillatory [2]. Higher virtual inertia constant will also lead to higher energy consumption 
from the ESS and vice versa [3]. 
 
Several methods for the optimization of VSG parameter have been proposed in [4]–[7]. In [4], 
the optimal value of virtual inertia constant is obtained based on the trade-off between response 
time and dynamic performance. However, the optimal value cannot be determined directly due to 
the use of qualitative analysis based on the graphs generated from the simulation. Moreover, the 
optimal value depends on the chosen lower and upper limits of the virtual inertia constant and 
hence, a different set of upper and lower limits will result in a different optimal value. In [5], a 
proper range of virtual inertia control gains for high-voltage direct current (HVDC) interconnected 
power system based on eigenvalue sensitivity analysis is investigated. However, an extensive 
eigenvalue sensitivity analysis is needed to obtain the proper range of the parameters.  
 
In [6], many-objective optimization is utilized to obtain the optimal virtual inertia and frequency 
control parameters in an islanded microgrid (MG). However, the method is complicated and 
requires a long calculation time although the method is applied to a simplified model. In [7], 
particle swarm optimization (PSO) is used to obtain the parameters of VSG units in real-time so 
that a smooth transition after a disturbance can be achieved while maintaining voltage angle 
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deviation (VAD) of generators within a specified limit. However, the method is insufficient for 
large disturbance stability and has a calculation burden issue. 
 
Meanwhile, one of the frequency stability issues in the power system caused by the reduction 
in system overall inertia is regarding the compatibility of existing frequency protection scheme for 
the application in low inertia condition. In low inertia condition, the frequency-based protection 
(e.g. underfrequency load shedding (UFLS), anti-islanding protection) will potentially mal-operate 
more often, leading to more frequent interruption of customer loads [8]. When a large disturbance 
occurs under severe system inertia condition, the mal-operation might also lead to system 
frequency instability. While the modification of the frequency protection setting based on system 
inertia condition might solve this issue, from the system operation point-of-view, it is impractical 
to modify the setting of the existing frequency protection scheme depends on the penetration level 
of RESs. 
 
While this issue is important in the low inertia power system, the frequency protection scheme 
of the system is not considered in selecting the optimal virtual inertia constant/gain value in the 
aforementioned reference [4]–[7]. Therefore, in this research work, a method to select a proper 
virtual inertia constant value based on particle swarm optimization (PSO) [9] while also retaining 
the pertinence of the existing frequency protection scheme is proposed. Virtual inertia constant is 
selected so that the level of frequency nadir subject to a major contingency in normal inertia 
condition could be retained at the same level in low inertia condition and thus, the frequency 
protection setting in normal inertia condition would also be adequate in low inertia condition. To 
determine the proper virtual inertia constant, frequency nadir is used as the only index, leading to 
a simple optimization process with reduced calculation burden and time [10]. 
 
4.2 System Modeling 
The test system shown in Fig. 4.1 modeled on DIgSILENT PowerFactory is used to perform all 
of the simulations in this chapter. The system is based on the system model used in [11], with the 
operating condition of the system is described as follow. In normal condition, the system operates 
in grid-connected mode. The peak demand of load L1, L2, L3, L4, and L5 is 1.85 MW, 1.7 MW, 
1.75 MW, 1.9 MW, and 2.4 MW, respectively. All loads are assumed to be 80% of the peak load 
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(i.e. 7.68 MW total). The nominal frequency of the system is 50 Hz. The inertia constant of G1 
and G2 are 3 s and 1 s, respectively. The active power dispatch for G1 and G2 are 2 and 1.2 MW 
respectively, with G1 is equipped with a speed governor. The rated power output of the inverter of 
VSG is 5 MVA. The capacity of the external grid EXT is 24.13 MVA with its inertia constant 
(𝐻𝐸𝑋𝑇) is varied depends on the considered scenario (i.e. high inertia, low inertia). In the proposed 
method in this chapter, only underfrequency protection is considered. Another frequency 
protection such as rate-of-change-of-frequency (RoCoF) protection is not taken into consideration. 
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Fig. 4.1 The simulated test system. 
    
4.3 Design of PSO-based VSG Optimization Considering System Frequency Protection 
In VSG, virtual inertia is emulated using a virtual inertia control system, not by ‘real’ inertia 
(i.e. the rotating mass). As the result, unlike a conventional SG, the amount of virtual inertia 
support from VSG could be adjusted by changing its virtual inertia constant (𝐻𝑉𝐼) to provide a 
proper inertia compensation. However, due to the inertia-less nature of power-electronics interface 
and the working principle of VSG, in which virtual inertia power is injected into the system based 
on the frequency difference from the rated value, the VSG is not providing the inertia power to the 
system when there is no frequency deviation in the system. Due to this characteristics, and adding 
another aspect such as system nonlinearity and the effect of the governing action in the system, 
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the proper virtual inertia constant value for the purpose of retaining pertinence of the existing 
frequency protection scheme in low inertia condition could not be easily obtained. Therefore, the 
optimization techniques should be employed. In this research work, the implementation of a novel 
optimization method considering system frequency protection scheme based on particle swarm 
optimization (PSO) is proposed to obtain a proper virtual inertia constant (𝐻𝑉𝐼) value of VSG. 
 
For the proposed PSO-based method, the parameter to be optimized is virtual inertia constant 
of VSG (𝐻𝑉𝐼). Hence, the position of particles in the PSO algorithm corresponds to a certain 𝐻𝑉𝐼 
value. The objective of the proposed method is to obtain the proper 𝐻𝑉𝐼  of VSG so that the 
difference between the frequency nadir in low inertia condition and normal inertia condition 
subject to a particular disturbance could be minimized. This objective is realized in the PSO 
algorithm by using the fitness function defined as |𝑓𝑛𝑎𝑑𝑖𝑟 − 𝑓𝑛𝑎𝑑𝑖𝑟0|. The objective function is to 
minimize this fitness function, as shown in Equation (4.1). 
 
 objective function: minimize (|𝑓𝑛𝑎𝑑𝑖𝑟 − 𝑓𝑛𝑎𝑑𝑖𝑟0|) (4.1)  
 
where 𝑓𝑛𝑎𝑑𝑖𝑟 is frequency nadir of the system due to a certain disturbance in low inertia condition 
and 𝑓𝑛𝑎𝑑𝑖𝑟0 is frequency nadir of the system due to a certain disturbance in normal inertia condition. 
 
Using the objective function described in Equation (4.1), the difference between the frequency 
nadir in low inertia condition and normal inertia condition subject to a particular disturbance could 
be minimized and hence, the level of frequency nadir achieved in normal inertia condition can be 
retained at the similar level in low inertia condition. Thus, the existing underfrequency protection 
scheme would also be applicable in low inertia condition without the need for modifying its 
previously designed setting. 
 
The flowchart of the PSO algorithm used in this research work is illustrated in Fig. 4.2. The 
number of particles used (𝑁𝑝) is 10 with maximum iteration number (𝑚𝑎𝑥𝑖𝑡𝑒𝑟) of 15. Learning 
rate 𝑐1 and 𝑐2 are both set as 2 with inertia weight (𝑤) is 0.729. 
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Start
Parameter initialization:
>> xj = random for j = [1..Np]; vj = 0 for j = [1..Np]
>> set xj as initial pbestj 
>> set initial best fitness of particles (pbestfitj)
>> set initial global best fitness (gbestfit) 
iteration i = 1
particle j = 1
calculation of fitnessj (|fnadir,j – fnadir0|) 
fitnessj < pbestfitj?
set current xj as pbestj, update pbestfitj
Yes
fitnessj < gbestfit?
set current xj as gbest, update gbestfit
j = j + 1
No
No
Yes
Yes
stopping condition: 
|fnadir,j – fnadir0| < ε?End
Yes
No
check: j < Np?
Update the position of 
j-th particle
Yes
Nocheck:
i ≤ maxiter?
i = i + 1
End
No
position of j-th particle (xj) 
corresponds to a certain HVI 
value
 
Fig. 4.2 The flowchart of the PSO-based VSG optimization method considering system 
frequency protection scheme 
Study on the Stability Enhancement of Low Inertia Power System  
using Virtual Synchronous Generator 
40 
To stop the algorithm when a desired 𝐻𝑉𝐼 value has been obtained, stopping condition described 
in Equation (4.2) is applied. 𝜀 is a predetermined error between 𝑓𝑛𝑎𝑑𝑖𝑟 and 𝑓𝑛𝑎𝑑𝑖𝑟0, set as 0.002 Hz 
in this research work. Thus, the algorithm will stop when fitness |𝑓𝑛𝑎𝑑𝑖𝑟 − 𝑓𝑛𝑎𝑑𝑖𝑟0| is less than 
0.002 Hz. A lower 𝜀  could also be used if it is necessary. However, it will lead to a longer 
calculation time to obtain the desired 𝐻𝑉𝐼 value. 
 
 stopping condition: when fitness (|𝑓𝑛𝑎𝑑𝑖𝑟 − 𝑓𝑛𝑎𝑑𝑖𝑟0|) < 𝜀 (4.2)  
 
In the flowchart, in calculating the fitness |𝑓𝑛𝑎𝑑𝑖𝑟 − 𝑓𝑛𝑎𝑑𝑖𝑟0| for a single particle 𝑗 in a particular 
iteration, the frequency nadir for low inertia condition (𝑓𝑛𝑎𝑑𝑖𝑟) is obtained by using a time-domain 
simulation respect to the considered low inertia condition. The applied disturbance for determining 
𝑓𝑛𝑎𝑑𝑖𝑟 is the same as the considered contingency to determine the frequency nadir in the normal 
inertia condition ( 𝑓𝑛𝑎𝑑𝑖𝑟0 ). In this research work, the loss of generator G2 is used as the 
contingency for determining 𝑓𝑛𝑎𝑑𝑖𝑟0. Hence, the frequency nadir in low inertia condition (𝑓𝑛𝑎𝑑𝑖𝑟) 
is also determined by considering the same contingency. 
 
In the proposed method, frequency nadir of the system is used as the only index for the objective 
function of PSO. Time related-indices (e.g. frequency settling time, integral of time multiplied by 
squared error (ITSE) of frequency) are not utilized in the optimization process, leading to faster 
optimization time and reduced calculation burden. In addition, the lower and upper boundary of 3 
and 20, respectively, are defined for the virtual inertia constant value. The boundaries are used to 
limit the search space so that the optimal solution (i.e. the proper virtual inertia constant value) can 
be obtained faster. In principle, any value can be selected as the boundaries. However, in the 
application, the selection of the boundaries should consider maximum and minimum possible 
inertia in the system respect to the connected RESs so that the proper 𝐻𝑉𝐼 value could be obtained 
within the boundaries. 
 
4.4 Simulation Results and Discussion 
To perform the optimization and assess the performance of the proposed method, DIgSILENT 
Programming Language is used. The frequency response of system utilizing proposed PSO-based 
optimized VSG (OVSG) is compared to the case without VSG and two cases using constant-value 
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VSG (CVSG) with virtual inertia constant of 10 s (typical inertia constant of a synchronous 
generator is between 2 and 10 s) and 14.25 s (based on the average of 𝐻𝑉𝐼 for three different inertia 
condition in Table 4.1). The CVSGs with virtual inertia constant of 10 s and 14.25 s are designated 
as CVSG1 and CVSG2, respectively. Damping and droop coefficient 𝐾𝑑 and 𝐾𝑃 are both set as 0, 
with the active power reference (𝑃0) of VSG is also set at 0 MW. Using this configuration, VSG 
will inject the inertia power only during system dynamics and will not take part in the active power 
dispatch in the system.  
 
As a default normal inertia condition, the test system operates without VSG, with the inertia 
constant of external grid 𝐻𝐸𝑋𝑇 = 4 s and zero PV penetration. The frequency response of the system 
subject to the loss of generator G2 in this condition is shown in Fig. 4.3. In this condition, the 
frequency nadir of the system is 49.32 Hz. Accordingly, by also considering stopping condition 
described in Section 4.3, the value of 𝑓𝑛𝑎𝑑𝑖𝑟0 in Equation (4.2) is set as 49.322 Hz. Thus, the 
obtained optimal virtual inertia constant (𝐻𝑉𝐼) of VSG from PSO algorithm in low inertia condition 
will always yield the frequency nadir above 49.320 Hz. 
 
Fig. 4.3 Frequency response of the system in default (normal) inertia condition without VSG 
to the loss of generator G2 with HEXT = 4 s and PPV = 0 MW. 
 
To show the dynamic change of virtual inertia constant and the suitability of the proposed 
method in different system inertia condition, the proposed method is simulated in different inertia 
constant of external grid (𝐻𝐸𝑋𝑇) and different penetration level of the PV power plant. The optimal 
virtual inertia constant of VSG in different system inertia with penetration of PV power plant (𝑃𝑃𝑉) 
of 5 MW and the loss of generator G2 as the contingency is shown in Table 4.1. 𝑓𝑛𝑎𝑑𝑖𝑟 and  𝑡𝑠𝑒𝑡 
are frequency nadir and frequency settling time, respectively. 𝑡𝑠𝑒𝑡 is defined as the time required 
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Study on the Stability Enhancement of Low Inertia Power System  
using Virtual Synchronous Generator 
42 
for the frequency to settle within 2% of the maximum frequency deviation [6] (e.g. if maximum 
frequency deviation is 1 Hz and settling frequency is 50 Hz, 𝑡𝑠𝑒𝑡  is the time required for the 
frequency to settle within 50 ± 0.02 Hz). Table 4.1 shows that the virtual inertia constant could be 
properly determined in different system inertia condition by using the proposed method. In lower 
inertia condition, the virtual inertia constant is higher as desired. 
 
Table 4.1 Optimal Virtual Inertia Constant in Different System Inertia 
 
 
The optimal virtual inertia constant values in Table 4.1 are important so that the same level of 
frequency nadir as the level in normal inertia condition could be achieved in low inertia condition. 
To show that the optimization method is necessary to obtain the optimal virtual inertia constant, 
the analysis of the kinetic energy of the system is performed. In this regard, since the system inertia 
variation is considered by varying the inertia constant of the external grid (𝐻𝐸𝑋𝑇), the analysis is 
performed by calculating the total kinetic energy corresponds to the external grid and VSG as 
shown in Equation (4.3). The result of the analysis of the kinetic energy respect to the values shown 
in Table 4.1 is shown in Table 4.2. 
 
 𝐾𝐸𝐸𝑋𝑇,𝑉𝑆𝐺 = 𝐻𝐸𝑋𝑇 . 𝑆𝐸𝑋𝑇 + 𝐻𝑉𝐼 . 𝑆𝑉𝑆𝐺 (4.3)  
 
where 𝐾𝐸𝐸𝑋𝑇,𝑉𝑆𝐺 is the total kinetic energy corresponds to the external grid and VSG. 𝐻𝐸𝑋𝑇 and 
𝐻𝑉𝐼 are the inertia constant of the external grid and virtual inertia constant of VSG, respectively. 
𝑆𝐸𝑋𝑇 and 𝑆𝑉𝑆𝐺 are the capacity of the external grid and VSG, respectively. 
 
 
 
 
𝐻𝐸𝑋𝑇 [s] 𝐻𝑉𝐼 [s] 𝑓𝑛𝑎𝑑𝑖𝑟  [Hz] 𝑡𝑠𝑒𝑡 [s] 
1 17.92 49.32 22.0 
2 14.43 49.32 22.1 
3 10.40 49.32 22.0 
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Table 4.2 The Analysis of the Kinetic Energy Based on Table 4.1 
 
 
 
Based on Table 4.2, it can be seen that the value of 𝐾𝐸𝐸𝑋𝑇,𝑉𝑆𝐺  is not constant in the considered 
system conditions. Hence, the optimization method should be utilized to obtain the optimal virtual 
inertia constant since the optimal virtual inertia constant in different system inertia condition could 
not be directly determined by using Equation (4.3). The value of 𝐾𝐸𝐸𝑋𝑇,𝑉𝑆𝐺 is not constant due to 
the dynamics of VSG during system dynamics and thus, the required virtual kinetic energy from 
VSG in different system inertia conditions could not be directly determined by using (𝐻𝑉𝐼. 𝑆𝑉𝑆𝐺). 
 
To assess the performance of the proposed method, two simulation cases are used. The 
simulation cases are the load fluctuation (as a small disturbance) and the loss of generator G2 (as 
a large disturbance). The load fluctuation pattern is given in Fig. 4.4 and applied to load L1, L3, 
and L4. The simulation cases are conducted in the system conditions with different inertia constant 
of the external grid (𝐻𝐸𝑋𝑇) and also different penetration level of PV power plant (𝑃𝑃𝑉). Finally, 
the performance of the proposed method is tested when the underfrequency load shedding (UFLS) 
scheme is applied in the system. 
 
Fig. 4.4 The load fluctuation pattern. 
System 
condition 
index 
External grid VSG 𝐾𝐸𝐸𝑋𝑇,𝑉𝑆𝐺  
[MVA.s] 𝐻𝐸𝑋𝑇  [s] 𝑆𝐸𝑋𝑇 [MVA] 𝐻𝑉𝐼 [s] 𝑆𝑉𝑆𝐺 [MVA] 
1 1 24.13 17.92 5 113.7 
2 2 24.13 14.43 5 120.4 
3 3 24.13 10.40 5 124.4 
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4.4.1 Scenario A: Simulation Result with HEXT = 3 s and PPV = 5 MW 
Under this condition, overall system inertia is quite high. Therefore, a high virtual inertia 
constant value is not required. 
 
Scenario A.1: Load Fluctuation 
From the simulation result in Fig. 4.5, higher frequency deviation is observed if no VSG is 
employed. In the case of CVSG1 and OVSG, similar performance is obtained. It is an expected 
result due to relatively similar virtual inertia constant between CVSG1 and OVSG. 
 
 
 
 
Fig. 4.5 Frequency response to the load fluctuation for HEXT = 3 s.  
 
Scenario A.2: Loss of Generator G2  
The simulation result and performance comparison for each VSG configuration in this scenario 
are shown in Fig. 4.6 and Table 4.3. From Fig. 4.6 and Table 4.3, all cases using VSG could 
maintain the frequency nadir within 49.32 Hz when 𝐻𝐸𝑋𝑇 = 3 s (in the CVSG1 case, the frequency 
nadir is actually slightly lower than 49.320 Hz). For no-VSG case, higher frequency deviation is 
observed, causing system frequency to drop below 49.32 Hz. 
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Fig. 4.6 Frequency response to the loss of generator G2 for HEXT = 3 s.  
 
Table 4.3 Performance Comparison for HEXT = 3 s 
VSG 
configuration 
𝐻𝑉𝐼 [s] 𝑓𝑛𝑎𝑑𝑖𝑟 [Hz] 𝑡𝑠𝑒𝑡 [s] 
Energy usage 
MJ MWh 
No VSG - 49.22 15.5 0 0 
CVSG1 10 49.32 21.9 23.33 0.0065 
CVSG2 14.25 49.34 22.6 33.10 0.0092 
OVSG 10.40 49.32 22.0 24.25 0.0067 
 
The energy usage from the ESS is also shown in Table 4.3. Compared to CVSG2, OVSG uses 
about 27% less energy, while still limiting frequency nadir within 49.32 Hz as required. Thus, 
using the proposed method, the virtual inertia constant of VSG could be selected as low as possible 
to reduce the energy usage, while still fulfilling frequency requirement of the system. For CVSG1, 
as described before, while the energy usage is lower than OVSG, the actual frequency nadir is 
lower than 49.320 Hz. 
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4.4.2 Scenario B: Simulation Result with HEXT = 2 s and PPV = 5 MW 
Under this condition, overall system inertia is slightly low, causing larger frequency deviation 
compared to the deviation in the condition when 𝐻𝐸𝑋𝑇 is 3. 
 
Scenario B.1: Load Fluctuation 
Compared to CVSG1, the frequency deviation of OVSG is lower due to higher optimal inertia 
constant value. CVSG2 and OVSG have a similar response due to their relatively similar virtual 
inertia constant. In no-VSG, CVSG1, and CVSG2 cases, the frequency deviation is higher 
compared to Scenario A.1 (see Fig. 4.5) due to lower system inertia. For OVSG, the frequency 
deviation level is similar with the deviation in Scenario A.1 due to the optimal virtual inertia 
adjustment by PSO. 
 
 
 
 
Fig. 4.7 Frequency response to the load fluctuation for HEXT = 2 s.  
 
Scenario B.2: Loss of Generator G2  
The simulation result and performance comparison for each VSG configuration in this scenario 
are shown in Fig. 4.8 and Table 4.4. From Fig. 4.8, it can be observed that employing VSG in a 
low inertia system generally could improve the frequency stability of the system. However, in the 
case of CVSG1, system frequency could not be maintained within 49.32 Hz. On the other hand, 
OVSG could still maintain system frequency even though the system inertia decreases. 
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Fig. 4.8 Frequency response to the loss of generator G2 for HEXT = 2 s.  
 
Table 4.4 Performance Comparison for HEXT = 2 s 
VSG 
configuration 
𝐻𝑉𝐼 [s] 𝑓𝑛𝑎𝑑𝑖𝑟 [Hz] 𝑡𝑠𝑒𝑡 [s] 
Energy usage 
MJ MWh 
No VSG - 49.16 12.9 0 0 
CVSG1 10 49.29 19.9 23.34 0.0065 
CVSG2 14.25 49.32 22.0 33.15 0.0092 
OVSG 14.43 49.32 22.1 33.57 0.0093 
 
The energy usage from the ESS is shown in Table 4.4. In lower inertia condition, OVSG is 
delivering higher energy to keep the system frequency within the desired value. Without virtual 
inertia adjustment, VSG could not maintain the frequency as desired (see the graph for CVSG1). 
In CVSG2 case, the energy usage is slightly lower than OVSG while still achieving the desired 
frequency response. This result is obtained by chance since the virtual inertia constant for CVSG2 
itself (14.25 s) is obtained by averaging optimal virtual inertia constant in three different inertia 
conditions. Therefore, if the average is obtained from a different set of inertia conditions, the 𝐻𝑉𝐼 
for CVSG2 would also be different and might lead to insufficient performance. 
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4.4.3 Scenario C: Simulation Result with HEXT = 1 s and PPV = 5 MW 
Under this condition, the overall system inertia is very low, causing large frequency deviation 
in the system. Based on the recent trend of increasing RESs penetration in the power system, the 
drop in system inertia is inevitable in the future power system. Therefore, higher virtual inertia 
constant is necessary to limit the frequency deviation in such a system. 
 
Scenario C.1: Load Fluctuation 
When no VSG is used, obvious higher frequency deviation could be observed, compared to the 
cases when VSG is utilized. The level of deviation for the no-VSG case in this scenario is higher 
compared to the no-VSG case in Scenario A.1 and B.1. This result shows the effect of low system 
inertia due to the trend of massive RESs penetration in the power system, to the severity of system 
frequency deviation. Using VSG, the level of frequency deviation could be limited, even in the 
case of a severe reduction in overall system inertia. 
 
 
 
 
Fig. 4.9 Frequency response to the load fluctuation for HEXT = 1 s.  
 
Scenario C.2: Loss of Generator G2  
The simulation result and the performance comparison for each VSG configuration in this 
scenario are shown in Fig. 4.10 and Table 4.5. The simulation result shows significant frequency 
deviation for the no-VSG case, higher than the no-VSG case in Scenario A.2 and B.2 due to lower 
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inertia. In a severely low inertia condition, a significant improvement is obtained by employing 
VSG in the system. However, it can be observed that although significant improvement is obtained 
by using CVSG1 and CVSG2, they could not maintain system frequency within the desired value. 
On the other hand, OVSG could still fulfill the frequency requirement in extremely low system 
inertia condition, showing the effectivity of the proposed method. 
 
 
 
 
Fig. 4.10 Frequency response to the loss of generator G2 for HEXT = 1 s.  
 
Table 4.5 Performance Comparison for HEXT = 1 s 
VSG 
configuration 
𝐻𝑉𝐼 [s] 𝑓𝑛𝑎𝑑𝑖𝑟 [Hz] 𝑡𝑠𝑒𝑡 [s] 
Energy usage 
MJ MWh 
No VSG - 49.06 9.9 0 0 
CVSG1 10 49.25 17.1 23.29 0.0065 
CVSG2 14.25 49.29 20.2 33.17 0.0092 
OVSG 17.92 49.32 22 41.64 0.0116 
 
The energy usage from ESS is shown in Table 4.5. To achieve the performance of OVSG as 
shown in Fig. 4.10, higher energy is necessary to obtain the desired frequency response. In the 
No VSG 
CVSG1 (𝐻𝑉𝐼 = 10 s) 
CVSG2 (𝐻𝑉𝐼 = 14.25 s) 
OVSG (𝐻𝑉𝐼 = 17.92 s) 
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case of CVSG1 and CVSG2, the virtual inertia support is not sufficient to maintain the system 
frequency within 49.32 Hz as desired. 
 
Scenario C.3: Loss of Generator G2 with Different PV Penetration Level  
To show the effectiveness of OVSG in the presence of variability of RESs, the proposed method 
is also applied in different penetration level of RESs. The result is summarized in Table 4.6 and 
Fig. 4.11. It can be seen that by utilizing PSO, dynamic change of virtual inertia constant subject 
to the change in penetration level of RESs (i.e. PV power plant in this case) could also be achieved. 
Higher optimal virtual inertia constant is obtained in higher penetration level of PV power plant 
(i.e. lower system inertia) while still maintaining system frequency as desired. It shows that the 
proposed method is also effective for different penetration level of RESs. 
From Fig. 4.11, the relation between the penetration level of PV and optimal virtual constant is 
almost linear (the slightly non-linear part is because of the variation in optimal 𝐻𝑉𝐼 due to the use 
of stopping condition in PSO algorithm). However, different relation might be obtained if different 
controls are employed in power system components. In this research work, constant active power 
output is assumed for the PV power plant. 
 
Table 4.6 Optimal Virtual Inertia Constant for Different Penetration Level of PV Power Plant 
(with HEXT = 1) 
PV penetration 
[MW] 
𝐻𝑉𝐼 [s] 𝑓𝑛𝑎𝑑𝑖𝑟 [Hz] 
0 11.33 49.32 
1 12.9 49.32 
2 14.43 49.32 
3 15.87 49.32 
4 16.75 49.32 
5 17.92 49.32 
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Fig. 4.11 Optimal virtual inertia constant for different PV penetration. 
 
4.4.4 Simulation Result with the Underfrequency Load Shedding (UFLS) Scheme 
Applied in the System 
To validate the performance of the proposed novel PSO-based VSG optimization method 
considering system frequency protection scheme, the proposed method is also tested in the 
condition when a certain frequency protection scheme is applied in the system. In this research 
work, a hypothetical underfrequency load shedding (UFLS) scheme shown in Table 4.7 is assumed 
to be utilized in the system as the frequency protection scheme to maintain the frequency stability 
of the system. The hypothetical UFLS scheme is assumed to be applied on load L3 and L4. 
 
Table 4.7 The Setting of the Hypothetical Underfrequency Load Shedding (UFLS) Scheme, 
Applied to Load L3 and L4 
Stage 
Frequency  
setting (Hz) 
Time delay  
setting (s) 
Load shedding 
percentage (%)  
1 49.8 0.1 10 
2 49.6 0.3 10 
3 49.4 0.4 10 
4 49 0.5 10 
 
To show the effectiveness of the proposed method, the loss of generator G2 is used as the 
disturbance with the dispatch of the generator G2 is modified from 1.2 MW to 1.5 MW, resulting 
in a higher power mismatch in the system subject to the disturbance. The simulation result is shown 
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in Fig. 4.12. By applying the proposed method, the level of frequency nadir in normal inertia 
condition could be retained in low inertia condition when a typical UFLS scheme is implemented 
in the system as a default frequency protection for normal inertia condition. Thus, the pertinence 
of the frequency protection scheme for normal inertia condition could also be retained in low 
inertia condition without the necessity to modify the previously designed setting. 
 
If the proposed method is not applied, the resulting frequency nadir would be lower than the 
frequency nadir in normal condition subject to the same disturbance, even though the same UFLS 
scheme is implemented, as shown in Fig. 4.12 for CVSG1. Subject to the considered disturbance, 
although the UFLS scheme is still sufficient to maintain the frequency stability of the system, more 
UFLS stage needs to be executed if CVSG1 is used instead of OVSG, leading to the interruption 
of more customer loads (i.e. stage-3 of UFLS scheme have to be executed for CVSG1). If OVSG 
is used, the number of the executed stages in low inertia condition is the same with the number of 
stages for the application of the UFLS scheme in default normal inertia condition. In a more severe 
system condition and disturbance, the existing UFLS scheme might fail to maintain the system 
frequency stability if the proposed method is not applied, even though the same UFLS scheme is 
adequate for the application in normal inertia condition. 
 
 
 
 
 
 
Fig. 4.12 Frequency response of the system due to the loss of generator G2 in different inertia 
conditions with the implementation of UFLS scheme described in Table 4.7.  
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(Hz) 
Time (s) 
a. Normal inertia: 𝐻𝐸𝑋𝑇 = 4s, 𝑃𝑃𝑉 = 0 MW (no VSG) 
b. 𝐻𝐸𝑋𝑇 = 3s, 𝑃𝑃𝑉 = 5 MW (with OVSG) 
c. 𝐻𝐸𝑋𝑇 = 2s, 𝑃𝑃𝑉 = 5 MW (with OVSG) 
d. 𝐻𝐸𝑋𝑇 = 1s, 𝑃𝑃𝑉 = 5 MW (with OVSG) 
e. 𝐻𝐸𝑋𝑇 = 1s, 𝑃𝑃𝑉 = 2 MW (with OVSG) 
f. 𝐻𝐸𝑋𝑇 = 1s, 𝑃𝑃𝑉 = 5 MW (with CVSG1) 
UFLS stage-1 
UFLS stage-2 
UFLS stage-3 (need to be executed for CVSG1 case) 
b, c, d 
50 Hz 
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4.5 Summary 
This chapter presents the implementation of particle swarm optimization (PSO) to obtain the 
proper value for virtual inertia constant of VSG considering the frequency protection scheme of 
the system. Based on the results, using the proposed method, the level of frequency nadir in normal 
inertia condition could be retained in the similar level in low inertia condition. The performance 
of the proposed method has also been verified using a hypothetical UFLS scheme. Thus, by using 
the proposed method, the frequency stability of the system in the low inertia condition could be 
properly maintained without the necessity to reconfigure the existing setting of the frequency 
protection scheme.  
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Chapter 5 Impact of VSG Integration to the Small-signal 
Stability of Interconnected Power System 
5.1 Introduction 
As one of the emerging strategies for solving low inertia problem and its effects in power system, 
various research works on VSG application in the power system have been conducted, such as the 
analysis of VSG performance in islanded mode [1], the application of supplementary control for 
enhancing VSG performance [2]–[4], and the utilization of advanced control methods for VSG 
application [5], [6]. However, in the aforementioned works, the effect of VSG is not investigated 
for its application in the interconnected power system. In fact, most of the research work on VSG 
are focused on its application for frequency stability improvement in the microgrid system and its 
control design enhancement from the power-electronics perspective. Therefore, its effect on small-
signal stability is rarely studied, since the small-signal stability issue is usually more apparent in 
the interconnected system. 
 
Due to a rapid increase in penetration level of RESs in the power system in general including 
in the large interconnected power system, the analysis of the impact of VSG utilization in the 
interconnected system would be important. Particularly, it is important to analyze the effects of 
VSG utilization on the small-signal stability of the interconnected system to ensure that the VSG 
integration does not lead to the system small-signal instability. While the analysis of the effects of 
different RESs-based generation on the small-signal stability of power system has been widely 
investigated [7]–[10], there is no investigation on the effect of VSG integration and its placement 
location in the low inertia interconnected power system to the small-signal stability and modal 
interaction of the system. With the increasing penetration level of RESs in the power system, VSG 
would become one of the integral parts in the RESs-dominated power system and hence, the 
analysis on the impact of VSG to the small-signal stability of the system is necessary. 
 
5.2 System Modeling 
The test systems used for the simulation are the modified two-area systems based on the two-
area system described in [11] and [12]. The original two-area system is a simple system that 
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represents a typical large power system. The system comprised of two areas (i.e. Area 1 and Area 
2) interconnected with the tie-lines for the power transfer between the two areas. The two-area 
system is widely used to analyze the small-signal stability of the power system and the 
effectiveness of the oscillation damper devices (e.g. power system stabilizer). 
In this section, the virtual inertia constant of the VSG (𝐻𝑉𝐼) is set at 8 s. 𝐾𝑃 and 𝐾𝑑 of the VSG 
are set as 0, while 𝑃0 is set as 0 MW. Using these values, only the virtual inertia emulation feature 
of VSG is considered (i.e. neglecting the speed governing and damping features of VSG) and the 
VSG is delivering virtual inertia power only during system dynamics (i.e. the VSG does not take 
part in active power dispatch) to prevent a high energy usage of the energy storage unit [13]. The 
values of the system parameters follow the values used in the original two-area system [11], [12], 
leading to the power transfer of about 400 MW from Area 1 to Area 2. 
 
5.2.1 Test System for General Study 
The test system shown in Fig. 5.1 [13] is used for the general study on the impact of VSG to 
the small-signal stability of an interconnected power system. To represent a low inertia condition, 
the inertia constant of all generators are set as 3.25 s (half of the original value in [11]). The impact 
of VSG to the small-signal stability is investigated by also considering several different placement 
locations for the VSG. The placement considered in Fig. 5.1 represents the placement of VSG in 
each area (i.e. Area 1, Area 2).  
G1
G2
(700 MW)
(700 MW)
967 MW
100 Mvar
G3
G4 (700 MW)
(719 MW)
350 Mvar
1767 MW
100 Mvar
Area 1 Area 2L1 L2
C2
VSG1
200 Mvar
C1
VSG2
P
 
Fig. 5.1 The test system for general study [13].  
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5.2.2 Test System for Detailed Study 
The test system used for the detailed study on the impact of VSG to the small-signal stability 
of an interconnected power system shown in Fig. 5.2. The test system is based on the test system 
in [13] with additional consideration for the placement location of VSG. The placement locations 
in Fig. 5.2 are selected so that the correlation between the VSG placement and the local oscillation 
mode in each area can be thoroughly analyzed. The inertia constant of all generators is set as 2 s 
to represent a low inertia condition. 
G1
G2
(700 MW)
(700 MW)
967 MW
100 Mvar
G3
G4
(719 MW)
350 Mvar
1767 MW
100 Mvar
Area 1 Area 2L1 L2
C2
VSG1
200 Mvar
C1
VSG 1A
VSG2
VSG 1B
VSG 2AVSG 
Mid
P
(700 MW)
VSG 2B
5
6
7 9
10
8
11
 
Fig. 5.2 The test system for detailed study. 
 
5.3 Results and Discussion 
In this section, the modified two-area systems shown in Fig. 5.1 and Fig. 5.2 is modeled using 
DIgSILENT PowerFactory. Several scenarios and sub-scenarios are considered so that the effects 
of VSG integration at different locations in the system to the small-signal stability of the system 
can be thoroughly analyzed. The scenarios are determined based on the VSG placement shown in 
Fig. 5.1 and Fig. 5.2. To analyze the impact of VSG placement at a particular location in the system, 
both time-domain simulation and small-signal stability analysis is utilized. 
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5.3.1 Results for General Study 
For the general study, the following scenarios are considered based on default system operating 
condition described in Section 5.2 and Section 5.2.1: 
- Scenario 0: an initial operating condition of the system without VSG; 
- Scenario 1: only VSG1 is connected into the system; 
- Scenario 2: only VSG2 is connected into the system; 
- Scenario 3: both VSG1 and VSG2 are connected into the system; 
 
The results of the time-domain simulation are shown in Fig. 5.3. In the simulation, 400 MW 
step-load increase of load L1 is applied at 1 s. The power dispatch of generators G1, G2, and G4 
are kept constant at 700 MW. Load L2 is also kept constant at 1767 MW. From the figure, it is 
shown that the placement of VSG in an interconnected power system will significantly affect the 
power system stability. In Scenario 1 (i.e. VSG placement at Area 1), VSG will improve the 
dynamic stability of the system, characterized by lower frequency nadir, frequency deviation, and 
also lower frequency oscillation compared to the system without VSG (Scenario 0). However, 
while VSG placement in Area 1 improves the dynamic stability of the system, the opposite occurs 
when VSG is placed at Area 2 (i.e. Scenario 2). In this condition, even though the frequency nadir 
is lower compared to the system without VSG (i.e. Scenario 0), the placement in Area 2 will 
deteriorate the system damping and might lead to system instability. It is clearly shown in Fig. 5.3, 
in which the system frequency for Scenario 3 is still oscillating even after the system is close to 
achieving a new steady-state condition in other scenarios.  
 
For Scenario 3 (i.e. one VSG in each area), the frequency nadir is the highest because of the 
connection of two VSGs. However, the dynamic frequency response is the combination of the 
dynamic frequency response of VSG placement in Scenario 1 and 2. While the placement of VSG 
as in Scenario 3 also gives a proper oscillation damping, the oscillation is slightly higher compared 
to Scenario 1, in which only one VSG in Area 1 is used. The results from all of the scenarios show 
that the placement of VSG in the interconnected system should be chosen carefully so that the 
VSG connection is not deteriorating the system stability. It also shows that increasing the number 
of VSG in the system might not always give a better damping performance compared to the system 
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with less number of VSG. In this case, adding more VSG in an inappropriate location will give a 
less effective oscillation damping in the system. 
 
 
 
 
Fig. 5.3 Frequency response for different VSG placement in the system. 
 
The small-signal stability analysis is also performed to assess the damping performance of the 
system with the integration of VSG. The damped frequency and damping ratio of the inter-area 
oscillation mode for each scenario are given in Table 5.1. It is shown that in Scenario 2, the 
damping ratio is significantly lower compared to Scenario 0. It can explain the result obtained in 
Fig. 5.3. When VSG is placed in Area 2, the VSG will reduce the system damping, making the 
system more oscillatory. It can be also analyzed by comparing Scenario 1 and 3. From Table 5.1, 
the damping ratio for Scenario 3 is slightly lower compared to Scenario 1 although more VSG is 
used. It is due to the placement of VSG at Area 2 (that results in poor damping) in Scenario 3, in 
addition to the placement at Area 1. However, while the VSG placement as in Scenario 3 gives a 
lower damping ratio compared to Scenario 1, the damping is significantly better than Scenario 0 
and is also sufficient. It is important to note that the damped frequency is relatively high due to the 
lower generator inertia constant used in the simulation. The introduction of VSG will reduce the 
oscillation frequency due to the additional inertia support supplied by the VSG. 
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VSG at Area 1 
VSG at Area 2 
VSG at Area 1 and Area 2 
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Table 5.1 Damped Frequency and Damping Ratio of the Inter-area Mode for Each Scenario 
 
 
The participation factor of the speed of dominant generators and the state-variables related to 
VSG in each scenario for the inter-area oscillation mode are also tabulated in Table 5.2. The state-
variable 𝜔𝑉𝐼 corresponds to the integrator in the virtual inertia control block. Therefore, no control 
parameter related with it. In all scenarios, G3 and G4 that located at Area 2 are dominant compared 
to G1 and G2 at Area 1.  
 
Table 5.2 Participation of Speed of Dominant Generators and State-variable of VSG for the 
Inter-area Mode 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scenario 
Damped 
frequency [Hz] 
Damping 
ratio 
0 0.813 0.038 
1 0.768 0.087 
2 0.752 0.004 
3 0.714 0.074 
Scenario 
Equipment 
type 
Participation 
factor 
State 
variable 
Control 
parameter 
0 G3 
G4 
1 
0.64 
𝜔 
𝜔 
- 
- 
1 
G3 
G4 
VSG1 
VSG1 
1 
0.55 
0.35 
0.36 
𝜔 
𝜔 
𝜔𝑉𝐼 
𝑃𝑜𝑢𝑡 
- 
- 
- 
𝐻𝑉𝐼 
2 
G3 
G4 
VSG2 
0.72 
0.65 
0.39 
𝜔 
𝜔 
𝑃𝑜𝑢𝑡 
- 
- 
𝐻𝑉𝐼 
3 
G3 
G4 
VSG1 
VSG1 
VSG2 
1 
0.73 
0.49 
0.49 
0.42 
𝜔 
𝜔 
𝜔𝑉𝐼 
𝑃𝑜𝑢𝑡 
𝑃𝑜𝑢𝑡 
- 
- 
- 
𝐻𝑉𝐼 
𝐻𝑉𝐼 
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While the inter-area mode is the dominant mode with the lowest damping ratio in Scenario 0, 
2, and 3, it is not the case with Scenario 1, as shown in Table 5.3. In Scenario 1, two local modes 
have lower damping ratio than the inter-area mode. One of the local modes is between VSG1 and 
G1. This local mode is occurred due to the placement of VSG1 on the same bus as G2.  
 
The presence of VSG in Area 1 has a significant role in shifting the angular separation between 
the two areas, leading to a different mode shape of the inter-area mode. The detail mode shape of 
the inter-area mode is shown in Table 5.4. Based on Table 5.4, while the oscillation between G1 
and G2 in Area 1 and G3 and G4 in Area 2 could be well identified by its angle, the angular 
separation between the two areas is small compared to the usual inter-area mode due to the 
presence of VSG1.  
 
Furthermore, by looking at the participation factor of the speed of the generators and the state-
variables corresponding with VSG, the presence of VSG in Area 1 does not only shift the angular 
separation between the two areas. It also modifies the interaction between generators located in 
the different areas. Due to the presence of VSG1, the inter-area oscillation becomes more like the 
interaction between VSG1 in Area 1 with G3 and G4 in Area 2. In more detail, looking at the angle 
of VSG variables, the contributing state-variable of VSG in the oscillation is the active power 
output 𝑃𝑜𝑢𝑡 of VSG1. 
 
Table 5.3 The Oscillation Profile for Scenario 1 
 
 
 
 
 
Mode 
Damped 
frequency [Hz] 
Damping 
ratio 
Mode shape 
18 1.606 0.08 G3 vs G4 
20 1.408 0.084 VSG1 vs G1 
22 0.768 0.087 G3, G4 vs VSG1 
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Table 5.4 The Mode Shape of the Inter-area Oscillation Mode for Scenario 1 
 
 
 
 
 
 
 
 
 
 
 
To analyze the overall effects of VSG placement on the oscillation modes, the damped 
frequency and damping ratio of inter-area and local oscillation modes for all scenarios are tabulated 
in Table 5.5. Based on Table 5.5, the utilization of VSG in an interconnected system is not 
significantly affecting the local oscillation modes. The local oscillation modes are properly 
damped in all scenarios. 
 
From Table 5.5, it could also be observed that the utilization of VSG in the interconnected 
system will introduce a new local mode corresponding to the VSG. In the simulated test system, 
the number of the new mode is depending on the number of the installed VSGs. The mode shape 
of the oscillation is between the VSG and the generator that is located in the different bus in the 
same area. In the simulated two-area test system, the VSG mode in Area 1 occurs between VSG1 
(located in the same bus as G2) and generator G1. In Area 2, the VSG mode involves VSG2 
(located in the same bus as G4) and generator G3.  
 
 
 
 
 
 
Equipment 
type 
Mode shape 
angle [deg.] 
State 
variable 
Participation 
factor 
G1 -91.46 𝜔 < 0.1 
G2 -87.09 𝜔 < 0.1 
G3 -42.49 𝜔 1 
G4 -43.38 𝜔 0.55 
VSG1 
45.82 𝜔𝑉𝐼 0.35 
130.54 𝑃𝑜𝑢𝑡 0.35 
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Table 5.5 The Oscillation Profile for All Oscillation Modes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.2 Results for Detailed Study 
Analysis of VSG Placement at Different Area 
To analyze the general effect of VSG placement location to the small-signal stability of the 
system respect to the placement area (i.e. Area 1 and/or Area 2), the following scenarios are 
considered, based on default system operating condition described in Section 5.2 and Section 5.2.2. 
𝑆𝑟𝑎𝑡,𝑉𝑆𝐺  is power rating for measuring the output power from the VSG. 
- Scenario 0: initial operating condition of the system without VSG; 
- Scenario 1: VSG1 is active, 𝑆𝑟𝑎𝑡,𝑉𝑆𝐺 = 200 MW; 
- Scenario 2: VSG2 is active, 𝑆𝑟𝑎𝑡,𝑉𝑆𝐺 = 200 MW; 
- Scenario 3: VSG Mid is active, 𝑆𝑟𝑎𝑡,𝑉𝑆𝐺 = 200 MW; 
- Scenario 4: VSG1 and VSG2 are active, 𝑆𝑟𝑎𝑡,𝑉𝑆𝐺 = 100 MW each.  
 
 
Scenario 
Damped 
frequency [Hz] 
Damping 
ratio 
Mode shape 
0 
0.813 0.038 G1, G2 vs G3, G4 (inter-area) 
1.592 0.086 G3 vs G4 (local) 
1.583 0.086 G1 vs G2 (local) 
1 
1.606 0.08 G3 vs G4 (local) 
1.408 0.084 VSG1 vs G1 (local) 
0.768 0.087 VSG1 vs G3, G4 (inter-area) 
1.618 0.1 G1 vs G2 
2 
0.752 0.004 G1, G2 vs G3, G4, VSG2 (inter-area) 
1.584 0.087 G1 vs G2 (local) 
1.665 0.091 G3 vs G4 (local) 
1.258 0.118 G3 vs VSG2 (local) 
3 
0.714 0.074 VSG1 vs G3, G4, VSG2 (inter-area)  
1.408 0.087 G1 vs VSG1 (local) 
1.663 0.091 G3 vs G4 (local) 
1.629 0.096 G1 vs G2 (local) 
1.262 0.112 G3 vs VSG2 (local) 
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The damping properties of the inter-area oscillation mode for all considered scenarios are shown 
in Table 5.6. Bold letters are used to indicate the reduction in damping ratio compared to the 
damping ratio of the initial system without VSG. Based on the results in Table 5.6, the VSG 
placement at Area 1 improves the damping of inter-area oscillation mode. On the other hand, VSG 
placement at Area 2 or at the middle of the tie-lines reduces the damping of inter-area oscillation 
mode. VSG placement at both Area 1 and Area 2 will improve the damping. However, the damping 
improvement is not as high as in Scenario 1 (i.e. VSG placement only at Area 1). The analysis on 
the improvement of the damping of inter-area oscillation mode for VSG placement at Area 1 is as 
provided in Section 5.3.1. It is important to note that the damped frequency of the inter-area mode 
shown in Table 5.6 is higher than that of the original two-area system due to the lower inertia 
constant of generators used in this research work to simulate a low inertia interconnected power 
system (i.e. 2 s in the modified two-area system used in this research work compared to 6.5 s in 
the original two-area system). 
 
Table 5.6 The Damping Properties of the Inter-area Oscillation Mode for Default Scenarios  
 
 
To analyze the cause of damping improvement (or reduction) respect to the different VSG 
placement location, Scenario 0 to Scenario 4 are modified. In these modified scenarios, load L1 
and L2 are reversed, resulting in a reversed power transfer from Area 2 to Area 1 of about 420 
MW. The modified scenarios are designated by the suffix ‘R’ after scenario number (stands for 
‘reversed’). The damping properties of the inter-area oscillation mode for the modified scenarios 
are shown in Table 5.7. 
 
Scenario 
Active 
VSG 
Damped 
frequency [Hz] 
Damping 
ratio 
0 None 1.058 0.034 
1 VSG1 0.929 0.094 
2 VSG2 0.927 0.003 
3 VSG Mid 1.069 -0.005 
4 VSG1 & VSG2 0.951 0.066 
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Table 5.7 The Damping Properties of the Inter-area Oscillation Mode for the Modified 
Scenarios (Reversed Power Transfer)  
 
 
 
  
 
 
 
 
 
 
Compared to the damping properties in Table 5.6 for default scenarios, the VSG placed at Area 
1 in the modified scenario (i.e. Scenario 1R) will reduce the damping ratio of inter-area oscillation 
mode. Conversely, the VSG placed at Area 2 (i.e. Scenario 2R) will improve the damping ratio of 
inter-area mode. To analyze the obtained results, the participation factor of the speed of dominant 
generators in the inter-area mode of the initial systems without VSG (i.e. Scenario 0 and 0R) is 
evaluated, as shown in Table 5.8. 
 
Table 5.8 The Speed Participation of Dominant Generators in the Inter-area Mode of the Initial 
System Without VSG  
 
 
 
 
 
 
 
Based on Table 5.8, it is shown that the damping of the inter-area mode is affected by the 
participation of the area where VSG is placed. The improvement in the damping of the inter-area 
mode could be achieved when the VSG is placed in the area with lower participation in the inter-
Scenario 
Active 
VSG 
Damped 
frequency [Hz] 
Damping 
ratio 
0R None 1.039 0.036 
1R VSG1 0.781 0.026 
2R VSG2 1.081 0.047 
3R VSG Mid 0.975 0.056 
4R VSG1 & 2 0.935 0.071 
Scenario 
Generator 
name 
Area Participation 
factor 
0 
G3 2 1 
G4 2 0.67 
0R G1 1 1 
G2 1 0.69 
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area mode (i.e. the area with less dominant generators). When VSG is placed in the area with 
dominant generators, the VSG placement has a detrimental effect to the damping of inter-area 
mode, as shown in Scenario 2 (where Area 2 is dominant) and Scenario 1R (where Area 1 is 
dominant). Hence, when the damping of inter-area oscillation mode of the system is concerned, it 
is generally better to place the VSG at the location/area close to the generators with low 
participation (less dominant) in the inter-area mode. It is important to note that the damping ratio 
of the local modes is sufficient for all considered scenarios. 
 
The utilization of VSG in the system will introduce a new local oscillation mode corresponding 
to the VSG, with the number of the new modes is the same as the number of connected VSGs [13]. 
However, when the VSG is placed at the middle of the tie-lines between Area 1 and Area 2, the 
new VSG mode appears to be correlated with the interaction between the VSG and generators 
located in the area with high inter-area mode participation, as shown in Table 5.9. The type of the 
oscillation is also resembling the inter-area oscillation mode more than the local mode, 
characterized by lower damped frequency compared to the damped frequency of the local modes 
of the system. The damped frequency of the local modes of the system in the scenarios shown in 
Table 5.6 and Table 5.7 is obtained around 2 Hz for all scenarios. The area with high participation 
in the inter-area mode is Area 2 for the default scenarios and Area 1 for the modified scenarios (i.e. 
with the reversed power transfer), as can be seen in Table 5.8. 
 
Table 5.9 The Mode Shape of VSG Mode in the Simulated Scenarios  
 
 
 
 
 
 
 
 
 
 
Scenario 
Dominant 
generators 
Mode shape (type of 
oscillation mode) 
1 G3, G4 VSG1 vs G1 (local) 
1R G1, G2 VSG1 vs G1 (local) 
2 G3, G4 VSG2 vs G3 (local) 
2R G1, G2 VSG2 vs G3 (local) 
3 G3, G4 VSG Mid vs G3, G4 
3R G1, G2 VSG Mid vs G1, G2 
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Effect of Virtual Inertia Constant Value 
To analyze the effect of virtual inertia constant (𝐻𝑉𝐼) value of VSG on the small-signal stability 
of the system, Scenario 1 and Scenario 2 are re-simulated by changing the  𝐻𝑉𝐼 value. The damping 
properties of the inter-area and VSG mode for Scenario 1 and Scenario 2 subject to 𝐻𝑉𝐼 change 
are shown in Fig. 5.4 and Fig. 5.5, respectively.  
 
 
 
Fig. 5.4. Damping properties of inter-area and VSG mode for Scenario 1 subject to HVI 
change: (a) damped frequency; (b) damping; (c) damping ratio. 
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Fig. 5.5. Damping properties of inter-area and VSG mode for Scenario 2 subject to HVI 
change: (a) damped frequency; (b) damping; (c) damping ratio. 
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inertia power from the VSG with higher 𝐻𝑉𝐼. However, while the damping of VSG mode also 
decreases with the increase in 𝐻𝑉𝐼 for both Scenario 1 and 2 (see Fig. 5.4b and Fig. 5.5b), the effect 
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VSG is placed in the area with dominant generators in the inter-area mode (Scenario 2), the 
damping of the inter-area mode is decreasing with the increase in 𝐻𝑉𝐼 (see Fig. 5.5b). In the other 
hand, for Scenario 1 with the VSG placed in the area with low participation in the inter-area mode, 
the increase in 𝐻𝑉𝐼 leads to a higher damping of the inter-area mode (see Fig. 5.4b). Since the value 
of 𝐻𝑉𝐼 is usually desired to be high to suppress high frequency-deviation in the low inertia system, 
the VSG should be placed in the area with low inter-area mode participation to maintain a proper 
damping of the inter-area mode. However, when a significantly higher 𝐻𝑉𝐼 is required (in this case, 
more than 10), the damping of the VSG mode should be carefully examined to prevent the 
insufficient damping of the VSG mode (see Fig. 5.4b and Fig. 5.4c). 
 
Furthermore, to maintain sufficient damping for both VSG and inter-area mode, the value of 
𝐻𝑉𝐼  should be properly selected. Based on Fig. 5.4c, the optimal 𝐻𝑉𝐼  for an optimal damping 
performance for the considered operating condition is obtained around 5.8 s (the intersection 
between the graph for the VSG and inter-area mode). However, it is important to note that the 
obtained optimal 𝐻𝑉𝐼  value is determined solely based on the damping ratio of the oscillation 
modes in the system. Thus, the different value of 𝐻𝑉𝐼 might be required when another stability 
indices (e.g. frequency stability, transient stability) are also considered. Nevertheless, the relation 
shown in Fig. 5.4c is important for determining the proper 𝐻𝑉𝐼 value of VSG for the application 
in the low inertia interconnected power system in regards to the small-signal stability of the system. 
 
Analysis of VSG Placement within the Same Area 
To analyze the effect of the placement location of VSG to the small-signal stability of the 
system in more detail, the effect of placing VSG at different locations within the same area is also 
analyzed. In this research work, the analysis is conducted by considering VSG placement locations 
as shown in Fig. 5.2. The placement locations in Fig. 5.2 are selected so that the correlation 
between VSG placement and the local oscillation mode in each area can be thoroughly analyzed. 
In performing the detailed analysis, several scenario sets are considered as explained below: 
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Scenario Set 1 (SS1) is based on default system operating condition and consists of the 
following scenarios: 
- Scenario 1: VSG1 is active, default load location; 
- Scenario 1A: VSG 1A is active, default load location; 
- Scenario 1B: VSG 1B is active, default load location; 
- Scenario 2: VSG2 is active, default load location; 
- Scenario 2A: VSG 2A is active, default load location; 
- Scenario 2B: VSG 2B is active, default load location. 
 
For Scenario Set 2 (SS2), the location of load L1 is altered from Bus 7 to Bus 5 without 
modifying the other parameters. The same VSG placement as in SS1 is used. The suffix ‘L1’ (i.e. 
change in the location of load L1) is used to designate the SS2. The scenarios are described as 
follows: 
- Scenario 1-L1: VSG1 is active, L1 at bus 5; 
- Scenario 1A-L1: VSG 1A is active, L1 at bus 5; 
- Scenario 1B-L1: VSG 1B is active, L1 at bus 5; 
- Scenario 2-L1: VSG2 is active, L1 at bus 5; 
- Scenario 2A-L1: VSG 2A is active, L1 at bus 5; 
- Scenario 2B-L1: VSG 2B is active, L1 at bus 5. 
 
In Scenario Set 3 (SS3), the original location of load L1 is used (i.e. Bus 7). However, the 
location of load L2 is modified from Bus 9 to Bus 11 while keeping the same value for all 
parameters. The suffix ‘L2’ (i.e. change in the location of load L2) is used to designate this scenario 
set. The list of the scenarios is shown as follows: 
- Scenario 1-L2: VSG1 is active, L2 at bus 11; 
- Scenario 1A-L2: VSG 1A is active, L2 at bus 11; 
- Scenario 1B-L2: VSG 1B is active, L2 at bus 11; 
- Scenario 2-L2: VSG2 is active, L2 at bus 11; 
- Scenario 2A-L2: VSG 2A is active, L2 at bus 11; 
- Scenario 2B-L2: VSG 2B is active, L2 at bus 11. 
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The operating condition for each scenario set is designed so that each operating condition will 
result in a different set of dominant generators, particularly in the local oscillation modes (e.g. 
generator G2 and G4 are dominant generators in the local mode of its respective area in Scenario 
0 (see Table 5.11); in Scenario 0-L1, the dominant generators in the local mode of each area are 
generator G1 and G4 (see Table 5.13)). Thus, by using the scenarios sets along with the selected 
placement locations, the correlation between VSG placement and the local oscillation mode in 
each area can be properly analyzed. 
 
The damped frequency and damping of the inter-area and VSG mode for the considered 
scenarios in Scenario Set 1 (SS1) are shown in Table 5.10. The highest damping of inter-area and 
VSG mode among the placement locations within the same area is written in the bold letter. The 
order of the scenarios is based on the distance of the placement location of VSG from the tie-lines 
(e.g. Scenario 1B has the VSG placed furthest from the tie-lines among the placement in Area 1, 
VSG location in Scenario 2A is the closest from the tie-lines among the placement in Area 2). 
 
Table 5.10 Damped Frequency and Damping of the Inter-area and VSG Mode for Scenario Set 1  
 
 
 
 
 
 
 
 
 
As a comparison, the damping properties of the oscillation modes and the speed participation 
of dominant generators in the modes for Scenario 0 are provided in Table 5.11. Scenario 0 
represents the same operating condition used in SS1 (i.e. default system operating condition) when 
VSG is not installed in the system. The generator with the largest speed participation in each mode 
is indicated with the bold letter. 
Scenario 
Damped frequency 
of mode [Hz] 
Damping 
of mode [1/s] 
Damping ratio 
of mode [1/s] 
Inter-area VSG Inter-area VSG Inter-area VSG 
1B 0.893 1.731 0.562 0.784 0.100 0.072 
1 0.929 1.615 0.553 0.704 0.094 0.069 
1A 0.958 1.483 0.535 0.611 0.088 0.065 
2B 0.894 1.536 0.050 1.372 0.009 0.141 
2 0.927 1.385 0.016 1.111 0.003 0.127 
2A 0.949 1.297 -0.023 0.940 -0.004 0.115 
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Table 5.11 The Damping Properties and Speed Participation of Dominant Generators for the 
Oscillation Modes in Scenario 0  
 
 
 
 
 
 
 
 
 
To analyze the result in Table 5.10 in comparison with the result in Table 5.11, the same 
approach (i.e. analyzing the scenario set and compare it with the same operating condition without 
VSG) is used for Scenario Set 2 and 3. The result for scenarios in SS2 is shown in Table 5.12 and 
Table 5.13 while the result for scenarios in SS3 is shown in Table 5.14 and Table 5.15. The initial 
system configuration without VSG used as the base for SS2 and SS3 is designated as Scenario 0-
L1 and Scenario 0-L2, respectively. The bold letters indicate the highest damping of inter-area and 
VSG mode among the placement locations within the same area (in Table 5.12 and Table 5.14) 
and the generator with the largest speed participation in each mode (in Table 5.13 and Table 5.15).  
 
Table 5.12 Damped Frequency and Damping of the Inter-area and VSG Mode for Scenario Set 2 
 
 
 
 
 
 
 
 
 
Mode 
type 
Damped 
frequency [Hz] 
Damping 
[1/s] 
Dominant 
generator. 
Participation 
factor (speed) 
Inter-area 1.058 0.224 
G3 1 
G4 0.667 
Local 1 
2.044 1.067 
G1 0.485 
(Area 1) G2 0.612 
Local 2 
2.056 1.072 
G3 0.392 
(Area 2) G4 0.615 
Scenario 
Damped frequency 
of mode [Hz] 
Damping 
of mode [1/s] 
Damping ratio 
of mode [1/s] 
Inter-area VSG Inter-area VSG Inter-area VSG 
1B-L1 0.955 1.730 0.543 0.668 0.090 0.061 
1-L1 0.986 1.704 0.550 0.786 0.088 0.073 
1A-L1 1.008 1.625 0.546 0.727 0.086 0.071 
2B-L1 1.024 1.541 0.163 1.388 0.025 0.142 
2-L1 1.060 1.392 0.128 1.142 0.019 0.129 
2A-L1 1.083 1.306 0.090 0.983 0.013 0.119 
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Table 5.13 The Damping Properties and Speed Participation of Dominant Generators for the 
Oscillation Modes in Scenario 0-L1 
 
 
 
 
 
 
 
 
 
Table 5.14 Damped Frequency and Damping of the Inter-area and VSG Mode for Scenario Set 3 
 
 
 
 
 
 
 
 
 
Table 5.15 The Damping Properties and Speed Participation of Dominant Generators for the 
Oscillation Modes in Scenario 0-L2 
 
 
 
 
 
 
 
 
Mode 
type 
Damped 
frequency [Hz] 
Damping 
[1/s] 
Dominant 
generator. 
Participation 
factor (speed) 
Inter-area 1.162 0.270 
G3 0.860 
G4 0.537 
Local 1 
2.053 1.057 
G1 0.489 
(Area 1) G2 0.467 
Local 2 
2.063 1.068 
G3 0.375 
(Area 2) G4 0.620 
Scenario 
Damped frequency 
of mode [Hz] 
Damping 
of mode [1/s] 
Damping ratio 
of mode [1/s] 
Inter-area VSG Inter-area VSG Inter-area VSG 
1B-L2 0.959 1.754 0.731 0.722 0.121 0.065 
1-L2 1.005 1.626 0.730 0.697 0.115 0.068 
1A-L2 1.046 1.491 0.713 0.633 0.108 0.067 
2B-L2 0.895 1.495 -0.086 1.173 -0.015 0.124 
2-L2 0.922 1.450 -0.016 1.383 -0.003 0.150 
2A-L2 0.950 1.408 -0.002 1.355 0 0.151 
Mode 
type 
Damped 
frequency [Hz] 
Damping 
[1/s] 
Dominant 
generator. 
Participation 
factor (speed) 
Inter-area 1.119 0.328 
G3 0.882 
G4 0.955 
Local 1 
2.060 1.043 
G1 0.499 
(Area 1) G2 0.742 
Local 2 
2.038 1.009 
G3 0.598 
(Area 2) G4 0.429 
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Based on the results in Table 5.10 to Table 5.15, it can be seen that the damped frequency of 
inter-area and VSG modes is affected by the location of VSG placement. The damped frequency 
of inter-area mode is lower when the VSG is placed further from the tie-lines (lowest when VSG 
is placed at the end-point of the system). On the other hand, the opposite applies to the VSG mode. 
For the VSG mode, the damped frequency is higher when VSG is placed further from the tie-lines. 
These properties are important to obtain a proper damping ratio for both VSG and inter-area mode. 
It is also shown that the damped frequency of inter-area mode for all scenarios in each scenario set 
is lower compared to the corresponding no-VSG scenario, due to the virtual inertia power injected 
by the VSG to the system. 
 
While the placement location of VSG affects the damped frequency of both inter-area and VSG 
mode in a rather straightforward manner, the same analysis based only on the distance of VSG 
placement location from the tie-lines could not be used in evaluating damping characteristic of 
inter-area and VSG mode (see damping columns of Table 5.12 and Table 5.14). Hence, the analysis 
on the damping of the modes is conducted by also considering the participation of dominant 
generators in each mode for the considered scenario sets (Table 5.11, Table 5.13, and Table 5.15 
for SS1, SS2, and SS3, respectively). 
 
By comparing the mode damping in each scenario set and the participation of dominant 
generators in its respective no-VSG scenario (e.g. Table 5.12 for SS2 is compared to Table 5.13 
for Scenario 0-L1), it is shown that the damping of VSG mode respect to the VSG placement 
within the same area is affected by the initial local mode participation (i.e. the local mode for no-
VSG scenario) of generators located in the same area with the VSG. As an example, when VSG is 
placed at Area 1, the damping of VSG mode is affected by the participation of generators located 
at Area 1 in the local mode of Area 1. It can be shown that the highest damping of VSG mode is 
correlated with the VSG placement close to the less dominant generator (lower participation) in 
the local mode of the area where VSG is placed (see highlighted part in the pair of scenario set 
(SS) and its corresponding no-VSG scenario). It is also shown from Table 5.10, Table 5.12, and 
Table 5.14 that the lowest damping of VSG mode is associated with the VSG placement at the 
location of the load. The scenarios in which the VSG and the load are placed at the same bus are 
Scenario 1A and 2A in SS1, Scenario 1B-L1 and 2A-L1 in SS2, and Scenario 1A-L2 and 2B-L2 
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in SS3. The relationship for the damping of VSG mode also applies when the considered scenario 
sets are simulated by doubling the 𝐻𝑉𝐼  value (i.e. by using 𝐻𝑉𝐼  = 16). Thus, the obtained 
relationship is generally valid regardless of the applied 𝐻𝑉𝐼 value. 
 
For the damping of inter-area mode, in general, the same relationship as that of the VSG mode 
also applies. Among the considered scenarios, the only exception when the relationship for the 
VSG mode does not apply for the inter-area mode is for the VSG placement at Area 2 in SS3 (see 
Table 5.14 for VSG placement at Area 2). It might be due to the unsuitability of the VSG placement 
at Area 2 for the configuration considered in SS3 (indicated by negative damping of inter-area 
mode for all considered locations). 
 
While the correlation between the placement location of VSG to the damping and damped 
frequency of the VSG and inter-area mode in general has been determined, the analysis on the 
damping ratio of the VSG and inter-area mode is more complicated due to the influence of both 
damping and damped frequency to obtain its value (see Equation (2.14)). However, several 
principles can be used as the general approach in selecting the placement location of VSG. When 
a higher damping ratio for the inter-area mode is necessary, the VSG generally should be placed 
at the end-point of the system (i.e. the damping ratio is higher due to lower damped frequency). In 
the other hand, when the damping ratio of VSG mode is not sufficient, generally, the VSG should 
be placed close to less dominant generator in the local mode of the area where VSG is placed (to 
obtain a higher damping of VSG mode) or closer to the center of the system (in this case, closer to 
the tie-lines) to obtain a higher damping ratio by virtue of lower damped frequency. 
 
Sensitivity Analysis of the Placement Location of VSG 
To measure the appropriateness of the considered placement locations of VSG in more detail, 
the sensitivity analysis is also performed. The sensitivity of the placement location of VSG is 
evaluated for the damping of the oscillation mode respect to the change in the virtual inertia 
constant of VSG (𝐻𝑉𝐼), since the stability of the oscillation mode is determined by its damping 
value (i.e. negative value of the real part of eigenvalue) [9]. 
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To evaluate the damping sensitivity, the approach based on the method in [9] is adopted. The 
damping of the oscillation mode is calculated for a pair of mode: (1) with a base value of virtual 
inertia constant (𝐻𝑉𝐼) and (2) with a deviated 𝐻𝑉𝐼 value. For the deviated 𝐻𝑉𝐼 case, the virtual 
inertia constant (𝐻𝑉𝐼) value is increased by 0.5% from its base value. The base value of the 𝐻𝑉𝐼 is 
set at 8 s, the same with the 𝐻𝑉𝐼 value of the VSG.   
 
The sensitivity analysis will be divided into two parts. In the first part, the sensitivity is analyzed 
for the placement of VSG in Area 1 and Area 2 for default and modified scenarios (i.e. the scenario 
with default operating condition and the scenario with reversed power transfer). In the second part, 
the sensitivity analysis is performed for the scenarios in SS1, SS2, and SS3. 
 
The result of the sensitivity analysis for the placement of VSG at Area 1 and Area 2 for default 
and modified scenarios is shown in Table 5.16. Since the utilization of VSG is generally aimed for 
adding inertia support to the system and suppressing high frequency-deviation, the virtual inertia 
constant (𝐻𝑉𝐼) value is normally desired to be high. Hence, a positive damping sensitivity due to 
the placement of VSG at a particular location implies that the considered location could be a 
candidate for VSG placement, since the VSG placement at the considered location will lead to an 
improved damping with the increase in 𝐻𝑉𝐼. From Table 5.16, it can be seen that for the scenario 
resulting in a high positive damping sensitivity of the inter-area mode, a high damping of the inter-
area mode is also obtained. Based on the analysis of virtual inertia constant value in the previous 
section, the damping sensitivity of VSG mode will be negative regardless of the placement location 
of VSG.  
 
However, while the placement location of VSG in the area with low participation in the inter-
area mode generally leads to an improved damping of the inter-area mode, the improved damping 
is not always indicating the proper location for VSG placement, as can be seen from Scenario 2R 
(i.e. VSG2 is active, reversed power transfer). While the VSG placement as in Scenario 2R 
improves the damping of the inter-area mode (due to the placement at low participation area), the 
negative damping sensitivity implies that the damping of the inter-area mode will decrease when 
higher virtual inertia constant (𝐻𝑉𝐼) value is applied. Therefore, even though the VSG is placed at 
low participation area, the VSG placement as in Scenario 2R might also lead to an insufficient 
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damping performance when a higher 𝐻𝑉𝐼 value is used. In this case, another location should be 
selected. For the considered operating condition, the VSG placement as in Scenario 2B-R (i.e. 
VSG 2B is active, reversed power transfer) with higher damping and positive damping sensitivity 
of inter-area mode would be a better alternative.  
 
Table 5.16 The Damping Sensitivity for Default and Modified Scenarios 
 
 
 
 
 
 
 
 
 
The result of the sensitivity analysis for the scenarios in SS1, SS2, and SS3 is provided in Table 
5.17, Table 5.18, and Table 5.19, respectively. Similar to the first part of the sensitivity analysis, 
improved damping of the inter-area mode is also achieved for the scenarios resulting in a high 
positive damping sensitivity of the inter-area mode. However, as can be seen from the VSG 
placement at Area 2 in Table 5.18, a positive damping sensitivity of the inter-area mode is not 
always indicating a proper location for VSG placement. In this case, although the VSG placement 
at Area 2 yields a positive damping sensitivity of the inter-area mode, the VSG should not be 
placed at Area 2 due to low damping of inter-area mode resulted from its placement in the area 
with high inter-area mode participation. 
 
However, even though a positive damping sensitivity of the inter-area mode is not always 
implying the proper location for VSG placement (e.g. VSG placement at Area 2 in Table 5.18), 
the proper locations for VSG placement generally has a higher positive damping sensitivity 
compared to the improper ones and thus, the damping sensitivity should be considered and used 
as one of the metrics for determining the candidate locations for VSG placement. Nevertheless, to 
Scenario 
Damped frequency 
of mode [Hz] 
Damping sensitivity 
[x10-3 1/s2] 
Inter-area VSG Inter-area VSG 
0 0.224 - - - 
1 0.553 0.704 0.420 -3.191 
2 0.016 1.111 -0.446 -3.038 
0R 0.238 - - - 
1R 0.128 0.738 -0.889 -2.856 
2R 0.323 1.128 -0.541 -2.426 
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ensure that the placement of VSG does not yield the detrimental effects to the damping 
performance of the system, the location for the placement of VSG should be carefully determined. 
 
Table 5.17 The Damping Sensitivity for Scenario Set 1 
 
 
 
 
 
 
 
 
 
 
 
Table 5.18 The Damping Sensitivity for Scenario Set 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scenario 
Damped frequency 
of mode [Hz] 
Damping sensitivity 
[x10-3 1/s2] 
Inter-area VSG Inter-area VSG 
0 0.224 - - - 
1B 0.562 0.784 0.553 -3.382 
1 0.553 0.704 0.420 -3.191 
1A 0.535 0.611 0.376 -3.006 
2B 0.050 1.372 -0.377 -3.995 
2 0.016 1.111 -0.446 -3.038 
2A -0.023 0.940 -0.550 -2.809 
Scenario 
Damped frequency 
of mode [Hz] 
Damping sensitivity 
[x10-3 1/s2] 
Inter-area VSG Inter-area VSG 
0-L1 0.270 - - - 
1B-L1 0.543 0.668 0.283 -2.837 
1-L1 0.550 0.786 0.361 -3.627 
1A-L1 0.546 0.727 0.403 -3.603 
2B-L1 0.163 1.388 0.186 -4.180 
2-L1 0.128 1.142 0.217 -3.321 
2A-L1 0.090 0.983 0.220 -3.176 
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Table 5.19 The Damping Sensitivity for Scenario Set 3 
 
 
 
 
 
 
 
 
 
 
5.4 Summary 
This chapter presents the analysis on the impact of integrating virtual synchronous generator 
(VSG) to the small-signal stability of a low inertia interconnected power system. Based on the 
results, the effect of VSG in the system is significantly affected by its placement location in the 
system, respect to the participation of the generators in the oscillation modes. Moreover, based on 
the damping sensitivity analysis of the placement location of VSG, the proper location for VSG 
placement could be determined based on its sensitivity. Although a positive damping sensitivity 
does not always imply that the location is a proper location for VSG placement, it is evident that 
when a particular system operating condition or scenario set is considered, the proper locations for 
placing VSG will have a higher damping sensitivity of the inter-area mode than the improper ones. 
Therefore, to determine the proper location for VSG placement, both participation factor and 
damping sensitivity should be considered.  
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Chapter 6 Conclusion 
In this research work, the study on the stability enhancement of low inertia power system using 
a virtual synchronous generator (VSG) has been conducted. The methods and analysis related to 
the VSG application in the low inertia power system have been elaborated. 
 
Firstly, a method to optimize the active power allocation of VSG is proposed to achieve an 
appropriate frequency stabilization in the system, including the application considering multiple 
operating conditions. The method would also be useful to determine the proper size for the inverter 
and energy storage used in the VSG. 
 
Secondly, a novel PSO-based optimization of virtual inertia constant of VSG considering the 
frequency protection scheme of the system has been proposed. Using the proposed method, the 
VSG could be integrated into the system without the need for modifying the setting of the existing 
frequency protection scheme for the application in low inertia condition. Therefore, the complexity 
in reconfiguring the existing frequency protection scheme for the application in low inertia 
condition could be prevented. 
 
Finally, the effect of VSG in the low inertia interconnected power system is analyzed. Based 
on the performed analysis, the damping performance of the system could be enhanced by proper 
utilization of VSG in the system. Thus, by proper utilization of VSG, the VSG could be utilized 
not only for enhancing the frequency stability in the low inertia system but also for enhancing the 
small-signal stability as well. In addition, when the improvement in the small-signal stability could 
be also achieved by proper utilization and placement of VSG, the necessity for applying PSS or 
re-tuning its parameter could be reduced. 
 
The proposed methods and the performed analysis in this research would be important for better 
utilization of VSG to enhance the stability of the low inertia power system. 
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Appendix 
A. System Parameters 
Table A.1 Line Parameters 
Line 
Length 
[km] 
𝑅1 
[ohm] 
𝑋1 
[ohm] 
𝑅0 
[ohm] 
𝑋0 
[ohm] 
1-2 5 0.259 1.753 0.633  4.994 
1-3 1 0.052 0.351 0.127 0.999 
1-4 1 0.052 0.351 0.127 0.999 
1-5 5 0.259 1.753 0.633 4.994 
1-14 4.2 0.217 1.472 0.532 4.195 
1-15 5.8 0.300 2.033 0.734 5.793 
1-16 6.6 0.341 2.314 0.836 6.592 
2-12 1.5 0.078 0.526 0.190 1.498 
5-6 0.3 0.016 0.105 0.038 0.300 
5-7 20 1.035 7.011 2.533 19.98 
7-8 50 2.587 17.528 6.332 49.943 
 
Table A.2 Transformer Parameters 
XFMR 
MVA 
rating 
Impedance 
[%] 
Voltage [kV] 
HV-side LV-side 
XMFR G1 4 3 22 6 
XMFR G2 4 3 22 6 
XMFR PV 5 3 22 0.4 
XMFR VSG 7 3 22 0.4 
XMFR EXT 30 3 150 22 
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B. Governor Model 
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Fig. B.1 DEGOV1 governor model based on DIgSILENT PowerFactory library. 
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